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ABSTRACT
Plant communities in the Southeastern United States Coastal Plain constitute a 
rich assemblage of species from neighboring floristic provinces and include over 1,000 
species endemic to the region. Conservation of these unique landscapes requires a better 
understanding of potential impacts from human activity and a changing climate. As a 
model species, the endemic tree Loblolly Bay (Gordonia lasianthus) is representative of 
Carolina Bays, pocosins, and isolated wetland habitats that accentuate Longleaf Pine 
ecosystems which dominate the focus area. Seed-dispersal events in Loblolly Bay are 
limited to periods of relatively low humidity primarily during the months of October to 
December, and require horizontal winds to release and carry seeds. Using measured seed-
fall velocities, field observations, herbarium specimens, and weather data, dispersal 
models indicate that prevailing wind speed and direction under these conditions serves to 
restrict the species dispersal potential to points southeast of parent trees, and that 
calculated population migration rates reach a maximum of 30 meters per decade when 
trees are 10 years old. Examination of meteorological conditions during extreme weather 
events such as hurricanes revealed no noticeable exception to these findings. By 
comparison, Species Distribution Models using a multimodel ensemble of 22 climate 
forecasts determined that calculated climate velocities and predicted presence velocities 
drastically outpace dispersal potential at rates over 50 times greater (2 km/decade) and 
move perpendicular (northeast) to modeled dispersal patterns. Under forecast climate 
scenarios, calculated residence times on protected lands within the observed range 
vi 
indicate the potential for multiple local extirpation events by the mid-21st century. While 
climate refugia are unlikely to support static populations, predicted outcomes may be 
mitigated through proactive measures to augment protected areas or through the assembly 
of habitat corridors. 
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PREFACE
In recognizing the value of primary research materials held in herbaria and their 
predilection for facilitating salient research investigations I found this passage delivered 
by Henry William Ravenel at the meeting of the American Association for the 
Advancement of Science held in Charleston, S.C. in 1850 to be particularly prescient: 
“The subjections of the “Geography of Plants,” and of their distribution over the 
surface of the earth, are matters of interest, not only to those who are specially engaged in 
botanical investigations, but also to the geologist, and all others who are interested in the 
observation of natural phenomena, and of the laws which govern them. 
In this country, vast in territorial extent, and containing within her limits every 
phase of vegetation, from the dwarfish Alpine growth to the exuberant development of 
tropical life, time must necessarily be required for collecting together the diversified 
floras of such an extensive region, and for investigating the climatic, meteorological and 
geological conditions which affect their several localities, before the laws which govern 
their distribution can be established and the “Geography of Plants” takes its place in our 
physical history as a science. 
Where in the field of labor is so great, and the labourers few, attention has been 
hitherto confined rather to descriptive Botany—the determination and description of 
genera and species. This must necessarily be the first operation—the groundwork upon 
which and superstructure is to be raised.[…]” 
viii 
Ravenel (1850) continues, and notes that we must enlist knowledge gained from 
related ‘departments of science’ in order to identify the causal agents also involved in the 
distribution of plants. Further, he mentions specifically several crucial variables which 
include aspects of climate, geography, and geology. 
The following chapters include all of these elements and the models, whether or 
not they are realistic or produce plausible results, are the direct result of centuries of labor 
by a scarce few who, like Ravenel, braved malarial swamps and dared to collect. 
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CHAPTER 1
ASPECTS OF HISTORICAL OBSERVATIONS OF LOBLOLLY BAY GORDONIA LASIANTHUS 
(THEACEA) WITH RELEVANCE TO DISTRIBUTION MODELING AND CLIMATE 
 
Leonard Plukenet (1705) provided what appears to be the earliest published 
account and depiction of Loblolly Bay (Gordonia lasianthus (L.) Ellis in his work 
Amaltheum Botanicum. Plukenet (1705) wrote, “Alcea Floridana quinque capsularis, 
Laurinis foliis, leviter crenatis, seminibus Coniferarum instar alatis; Rose-bay Nostratibus 
dicta.” In this description he captures the species’ resemblance to members of the Laurel 
family, and mentions crenate leaf margins, and five-part capsules containing winged 
seeds. At the time, however, the common name applied to G. lasianthus by ‘our 
countrymen’ was Rose Bay. As neither the description nor the depiction portray the 
flower, the description alone would be ambiguous. However, a positive identification can 
be made from the depiction which bears the undeniable characters of G. lasianthus 
leaves, fruits, and seeds. 
Later Mark Catesby (1729) in his Natural History of Carolina, Florida and the 
Bahama Islands, gave more detail and a color depiction which includes flowers and fruits 
at various stages of development. Catesby’s (1729) description is consistent with modern 
accounts (Brown and Wethey 2019, Gresham and Lipscomb 1985, 1990) placing the 
initial flowering period as early as May and progressing through the summer before 
yielding to fruits in November. The historic account (Catesby 1729) further captures 
2 
details of preferred habitat, its growth habit, and physical attributes of the leaves, flowers, 
fruits, seeds, and wood. 
Perhaps more relevant to the present work, Catesby (1729) provides ‘An Account 
of Carolina and the Bahama Islands’ in which he describes abiotic attributes of the 
environments he explored. In particular, the account of the ‘Air of Carolina’ is consistent 
with historical weather data which indicate that prevailing winds blow from the 
Northwest during the winter (Brown and Wethey in prep.). Further, the account of the 
‘Soyl of Carolina’ Catesby (1729) appears to describe almost perfectly a Longleaf Pine 
Ecosystem as “Pine barren land” within which he places Carolina Bays referred to as 
“Bay-Swamps”. Of particular note in his description of a Carolina Bay, Catesby (1729) 
provides a list of representative species which begins with Alcea Floridana which is now 
known as Gordonia lasianthus and is the focus of the subsequent chapters. 
What follows is a series of vignettes published or intended for publication as peer 
reviewed articles. Each chapter examines the distribution and dispersal potential of G. 
lasianthus in the context of historical and forecast weather conditions and under various 
forecast climate scenarios. The outcomes of models found therein, become more credible 
when considered in the greater historical context (provided here) with which they are 
consistent. 
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CHAPTER 2
OBSERVATIONS ON ANTHESIS, FRUIT DEVELOPMENT AND SEED DISPERSAL IN 
GORDONIA LASIANTHUS (THEACEAE)1 
 
ABSTRACT 
 
The development of the flowers and fruits of loblolly bay (Gordonia lasianthus) 
is described in detail. Tests of meteorological conditions affecting the opening and 
closing of mature capsules reveals that seeds are typically released only when relative 
humidity falls below a critical threshold of 67%. Seedfall tests indicate that differences in 
the expressed aerodynamic pattern may account for variation in observed seedfall 
densities and affect horizontal displacement. 
 
INTRODUCTION 
 
Background.—Common to Carolina bays, bayheads, and pocosins that accentuate 
the Southeastern Coastal Plain of the United States, Gordonia lasianthus (L.) Ellis, or 
loblolly bay, has enjoyed a long history of scrutiny. The first published description and 
                                                          
1 Brown, Herrick H.K. and D.S. Wethey. 2019. Journal of the Botanical Research Institute of Texas. 13(1): 
185-196. 
 Reproduced here with permission of the publisher (BRIT/JBRIT), 08/16/2019. 
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illustration appeared in Plukenet’s Amaltheum Botanicum (1705). Additional details 
regarding its taxonomic history, vernacular name, and first introduction to cultivation 
were summarized by Sargent and Faxon (1891). County-level range maps were published 
for the Carolinas by Radford et al. (1968), but these clearly reflect knowledge gaps that 
have since been filled by subsequent collections and observations (Forest Inventory and 
Analysis Database 2015; SERNEC Data Portal 2017). By compiling information from 
technical reports and herbarium specimens, Little (1977) produced a widely accepted 
range map spanning six southeastern states. More recently, occurrence data from the US 
Forest Service - Forest Inventory and Analysis (FIA) Program were used to produce a 
modeled extent which suggested a much smaller area where the species might be 
encountered (Ellenwood et al. 2015). 
The biogeographic history of G. lasianthus remains uncertain, but one plausible 
scenario suggests that ancestral members of the tribe Gordonieae may have migrated 
from North America to Eastern Asia across the Bering land bridge prior to the Mid-
Miocene (Li et al. 2013). Evidence for more recent changes in the area of occurrence is 
based on a 30-year comparison of FIA data, which indicated a non-significant northward 
and westward shift in recruitment of G. lasianthus potentially associated with 
climatological changes in available soil moisture (Fei et al. 2017). Gresham and 
Lipscomb (1985) gave a detailed account of the ecology of G. lasianthus including soil 
conditions, the timing of fruit development, release of seeds, and seed dispersal distance. 
While recruitment events and population migration can be extrapolated from occurrence 
data, some fundamental aspects of dispersal remain undefined such as the mechanisms 
involved in the release of seeds and seed flight time. Further details are presented here 
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regarding the timing of phenological events with particular focus on meteorological 
conditions that affect the release of seeds, seedfall velocities, and seed dispersal 
mechanisms. These properties are essential for evaluating proposed migration paths, 
understanding the current distribution, and modeling future distribution as influenced by 
a changing climate. 
Phenology.—Details presented here, where not otherwise indicated, are based on 
the first author’s personal observations primarily of a cultivated specimen growing at a 
private residence in Columbia, South Carolina. While the timing of phenological events 
may vary by latitude and location, these observations were generally consistent with a 
brief survey of herbarium specimen images (SERNEC Data Portal 2017) representing 
localities throughout the species’ range and field observations in coastal South Carolina 
presented by Gresham and Lipscomb (1985). The first flush of new foliage for G. 
lasianthus begins about the last week of March, and by May young branches first emerge 
and continue to grow throughout the season. These are typically born on the 4th–6th most 
proximal leaf axils of new growth. In subsequent and distal axils, the elongated pedicels 
emerge from the main axis of new growth or from the newly emergent branches and are 
quite prominent; ranging 3.5–6 cm in length. The pedicels bear 3–4 leafy bracts and may 
appear to be additional vegetative branches. During this period leaves produced in the 
course of the last growing season may senesce and blush a conspicuous red hue in stark 
contrast to the dark green of those leaves retained and the lighter green of the fresh 
foliage. Throughout May, flower buds begin their development and transition from 
suggesting a small green pea to a cream-white sphere approximately 3 cm in diameter 
(Figure 2.1). Anderson (1983) notes that aestivation is imbricate. The margins of the 
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sepals and first (lower-most) petal are similarly ciliate. This characteristic is adequately 
depicted by Small (1933) and described in detail by Anderson (1983), but it appears to 
have been omitted in most early illustrations (e.g., Ellis 1770; Sargent & Faxon 1891) in 
which all petals are depicted as having entire margins. An illustration in Curtis’s 
Botanical Magazine (Sims 1803), however, erred on the opposite extreme by depicting 
all petal margins as ciliate. Only the first petal bears a ciliate margin, and it remains 
bowl-shaped after anthesis (Figure 2.2). The four more distal petals bear lacerate or 
crinkled margins and are only shallowly concave at anthesis. On the day prior to anthesis, 
the first petal, which almost completely envelops the other four, will begin to reflex and a 
small gap will appear between it and the next distal petal. 
Anthesis.—Flowers are perfect with superior ovaries and begin to open about the 
first week of June. Anthesis may be delayed for several days during prolonged dry spells, 
but once initiated the process occurs rapidly at daybreak and will last little more than 24 
hrs. The androecium is adnate to the petal bases where the fused filaments form 
pronounced lobes that connect in a thick, fleshy ring bearing many anthers. The 
gynoecium consists of a single style approximately 1 cm long which terminates in a star-
shaped stigma that is only slightly broader than the style. Nectaries are located at the 
junction of the staminal cup and the base of the style. A faintly pleasant fragrance is only 
detectable in close proximity to flowers. During the day-long pollination, flowers may be 
visited by a variety of insects including small beetles, ants, bees of the genus 
Augochloropsis or Augochlorella (Figure 2.3), the occasional ruby-throated hummingbird 
(Archilochus colubris), and others including bumblebees, thrips, and flies (Gresham & 
Lipscomb 1990). The diversity of potential pollinators may be due to the over production 
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of pollen and pseudopollen ( Tsou 1997, 1998; Prince & Parks 2001) which is provided 
in such ample supply so as to placate pollen thieves. Other visitors appear to only seek 
the nectar. While short-lived, this limited window of opportunity is sufficient to ensure 
successful pollination. 
As new flowers open the following morning, those from the previous day are 
shed. The entire corolla and its adnate androecium are forced into abscission by the 
contraction of the sepals toward the distal portion of the flower. This action not only 
sloughs off the fleshiest parts of the flower (an important first step toward removing 
excess moisture in a developing xerochastic fruit which must dry in order to open), but 
also leaves the sepals tightly clasping, and thus protecting, the young ovary. 
Fruit Development.—Over the course of approximately two months, the ovary 
will continue to develop and reach a length of approximately 1.5 cm. By this time the 
fruit exceeds more than twice the length of the clasping sepals (Figure 2.4). When fully 
matured, the ovate fruit is held erect on the pedicels and continues to ripen for another 
two months. By October (4–5 mos total), the fruit fades from green to brown, and the 
silvery-tinged hairs on its surface are readily apparent; however, the pedicels will remain 
green for several more weeks. When the fruit walls are adequately dehydrated, five lines 
of loculicidal dehiscence begin where the now-withered style was attached and continue 
for about 80% of the fruit’s length (Figure 2.4). As part of this process, a fissure forms 
between the inner edges of the septa and the columella leaving each valve (each 
composed of 2 halves of adjacent carpels; i.e., the carpels are distally bifid) hinged only 
at the proximal end of the fruit. As the fruit continues to open, the outward (distal to the 
columella) movement of the valves effectively forces the removal of the tardily senescent 
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sepals (Figure 2.4). This results in an exposed zone of vascular bundle scars associated 
with the three lower whorls of floral parts. Assuming no ovules are aborted, four seeds 
are born in each of five locules (20 seeds total) and are paired on either side of each seam 
adjacent to the septum. Placentation is basal/central, and each seed bears a thin, 
membranous extension of tissue originating from the raphe (Tsou 1997, 1998) which 
forms a small “wing” toward the apical end of the fruit (Figure 2.4). 
Seed Dispersal.—Seedfall reaches its maximum from October to December, but 
may continue much later into March of the following year (Gresham & Lipscomb 1985, 
1990). The wings, which are approximately 1.5–2 times the length of the seed, may carry 
seeds up to 1.5 times the height of the parent tree; however, the majority of seeds fall 
within a distance that is less than one-half the parent tree height (Gresham & Lipscomb 
1985, 1990). Subsequent observations (present study) have revealed that the timing of 
dispersal events is carefully controlled by dry weather conditions, which trigger a 
dehiscence in the xerochastic fruits. It is important to note, however, that fruits may again 
close when the humidity is elevated. 
Initial Observations.—In October 2015, field observations revealed noticeable 
movement in the valves of mature fruits following dehiscence in a cultivated specimen of 
G. lasianthus growing at a private residence in Columbia, South Carolina. The once-open 
capsules were completely closed during a precipitation event associated with an 
approaching cold front. It was assumed that relative humidity (RH) while raining was 
near 100%. After the skies cleared, cold dry air moved in accompanied by gusty winds. 
Four hours after the rain, the capsules were again fully open and RH had dropped to near 
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40% (NOAA weather observations). This phenomenon suggested that wind-mediated 
dispersal events in G. lasianthus might only occur during periods of low RH. 
 
MATERIAL AND METHODS 
 
Meteorological Conditions Affecting Release of Seeds 
Testing RH.—To test the effects of RH on the expansion and contraction of the 
valves, we collected five recently dehisced fruits from the same cultivated specimen 
initially observed. While the pedicels were beginning to turn brown, they retained some 
green color and therefore also retained some residual moisture. We designed small 
humidity chambers from plastic deli food containers into which we placed two small 
dishes. In one dish we placed a small amount of saturated salt solution, and in the other 
dish a small amount of deionized water. We used a rubber flask stopper as a stand for 
each capsule by placing the pedicel through the hole in the stopper, which enabled us to 
maintain the upright orientation of the fruit. The chambers were first covered with plastic 
wrap before the lids were affixed in an effort to ensure a sufficient seal. 
To control humidity, we selected a variety of salt solutions that would maintain 
specific RH levels to approximate our field observations (Table 2.1). Fruits were exposed 
to each humidity chamber for a 24-hour period, after which time they were removed. 
Before transferring to a different RH treatment, the maximum distance between non-
adjacent valve apices was recorded. In an effort to account for any variation in the ability 
of the fruits to expand or contract at different rates, we varied the progression between 
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RH treatments by moving fruits into the chamber with the next highest RH initially and 
then reversed this process. 
For each fruit we expressed the degree to which it was open (aperture) at varying 
RH as a percentage. This was calculated for each fruit by dividing the maximum distance 
recorded between non-adjacent valve apices under each RH treatment by the maximum 
distance recorded between non-adjacent valve apices during the entire trial. We then 
calculated the mean aperture for all fruits at each RH. 
While general trends were evident in the data recorded from humidity chamber 
experiments, we sought to document the time required for capsules to open or close. In 
preparation for documenting the opening of capsules, fruits were exposed to 95% RH 
(using the same methods described above) for 24 hrs. Closed fruits were removed from 
the humidity chamber, and the distance between apices of valves was recorded. Fruits 
were then placed under a fume hood, which provided a steady stream of airflow at low 
“ambient” RH. Time-lapsed video of the fruits was recorded with a JVC GZ-HM860 HD 
Everio Camcorder at a rate of one frame every 80 s for approximately 4 hrs (when played 
back, the video was 2400× speed). We used 1 cm graph paper as a backdrop so that we 
could measure the movement of the valves on video playback. 
To record the time required for fruits to close, we removed them from the fume 
hood, recorded the distance between the apices of the valves, and misted them lightly 
with deionized water. The moistened fruits were then placed under an inverted 10 gal 
aquarium that also covered a dish of water. A folded paper towel was allowed to wick 
water from the dish and effectively functioned as an evaporative radiator. Video was 
recorded using the same equipment and settings as before. 
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Seedfall Velocity and Dispersal Mechanisms 
Seed Dispersal.—Dispersal distance is the result of interactions between the 
seedfall velocity and the aerodynamics (mechanism) of the seed or diaspore and other 
factors including horizontal wind speed and direction (Augspurger & Franson 1993). To 
better understand how these interactions might impact dispersal distance, we carefully 
removed twenty seeds using forceps from several mature fruits of a herbarium specimen: 
U.S.A. South Carolina. Sumter Co.: Electronic Weapons Range, about 7.5 mi SE of 
Wedgefield, 4 Apr 2002, Nelson 23418 (USCH). Prior to taking measurements, each seed 
was placed in a glass vial along with a printed, paper label with the assigned number (1–
20). 
Seed Weights.—We used an electro balance (Cahn C-27) to weigh seeds from 
Nelson 23418 to the nearest µg. For comparison, we also weighed seeds collected from a 
cultivated specimen in Columbia, South Carolina to determine if fresh material might be 
heavier due to potentially higher residual moisture content. Additionally, we recorded the 
weights of freshly collected and one-year-old, dry capsules from the same cultivated 
specimen. 
Seed Wing Area and Wing-loading.—We used a Canon EOS 5D Mark II (21.1 
megapixel) camera with Canon 50mm f/2.5 EF compact macro lens to capture high-
quality close-up images of seeds with a scale bar. We then calculated the total surface 
area (seed plus the wing) for each seed using ImageJ (Rasband 1997). We calculated 
wing-loading (WL) in Pascals as the gravitational acceleration (9.81 ms-2) times the seed 
weight (wt) in kg divided by the area (a) in m2 of the wing (Equation 2.1). 
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 𝑊𝐿 = 9.81 × (
𝑤𝑡
𝑎
) Equation 2.1 
 
Seedfall Velocity.—In order to calculate seedfall velocities in still air, we recorded 
video at 150 frames s-1 with a JVC GZ-HM860 HD Everio Camcorder to capture the 
paths of seeds that were dropped from a height of approximately 2 m. The viewing area 
included a vertically oriented, metric measuring tape and a standardized label that 
identified the seed number and repetition. Each seed was subjected to a minimum of three 
repetitions (seeds exhibiting inconsistent behavior were subjected to additional 
repetitions). Seeds were manually dropped approximately 1 dm in front of the measuring 
tape using forceps and an outstretched arm while standing on a stepladder. Since the 
seeds were originally collected in 2002 (about 13 yrs prior to the present study) and then 
dried for preparation as a voucher, they were handled only with forceps in order to avoid 
any potential transfer of moisture (which might otherwise affect seed weight and wing 
loading). In order to capture the maximum velocity of falling seeds, the camera was 
focused between 55 cm and 95 cm above the floor, which encompassed the point at 
which the seed had fallen 1.25 m to 1.55 m. Playback at normal speed produced slow 
motion videos which allowed for the identification of the first frame (FF) when the seed 
had entered the viewing area. Since the capture frame rate was 150 frames s-1, every 10 
frames equal 1∕15 s. Therefore, once the FF was identified, we recorded the vertical 
position relative to the tape measure and then advanced the video 10 frames before 
recording the next (lower) vertical position. This process was repeated until the seed was 
no longer visible in the viewing area. 
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Seed Dispersal Mechanisms.—Aerodynamic patterns were characterized based on 
the orientation and position of the wing during frame by frame advancement of the same 
videos used to calculate seedfall velocity. 
Analysis.—We used a type III last-wise ANCOVA available in the car package in 
R (Fox & Weisberg 2011) to compare the effects of wing-loading and aerodynamic 
properties on seed velocities. This included a preliminary test for equal slopes followed 
by a test of the adjusted means. 
 
RESULTS 
 
Effects of RH on Seed Capsule Opening.—Initial observations suggested that an 
RH of approximately 40% would induce valves to open. However, humidity chamber 
tests revealed that most fruits were sufficiently open (mean aperture of 76%) to release 
seeds when RH was as high as 67% (Table 2.1). 
Under drying conditions, timelapse video analysis showed that the valves had 
ceased their outward (opening) movement at 180 frames or 4 hrs. By contrast, however, 
when misted and exposed to humid conditions, the fruits closed after 70 frames or 1.55 
hrs. Thus, fruit closure was attained in less than half the time it takes to fully open. 
Seed weights.—We found no significant difference in the weights of fresh or dried 
seeds. Mean dry seed weight was 2.972e-6 kg (n = 20, min 1.450e-6 kg, max 3.521e-6 
kg, SE 0.103e-6 kg,), and the mean weight of fresh and dried capsules was 0.65967 g. 
Gresham and Lipscomb (1985) apparently in error reported a much heavier mean seed 
weight of 0.69 g (SE 0.03 g) which is consistent with the weight of a capsule, however 
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they also provided an estimate of approximately 292,000 (SE 15,000) seeds per kilogram. 
The later estimate equates to a seed weight of about 3.4247e-6 kg, which is similar to our 
recorded mean and within the range of weights we recorded. 
Wing Area and Wing-loading.—Mean seed wing area was 19.25e-6 m2 (SE 0.53e-
6 m2), and mean wing-loading was 1.5151 kg/ms-2 (SE 0.0417 kg/ms-2). 
Seed Dispersal Mechanism.— Morphologically the seeds of G. lasianthus are 
autogyros (Augspurger 1986) and by design during descent should rotate around a 
vertical axis roughly centered on the heavy end of the diaspore (where the actual embryo 
is located opposite the wing). However, we observed three different aerodynamic 
patterns, with some seeds exhibiting more than one kind of pattern on subsequent 
repetitions. The following aerodynamic patterns were observed: 
 
1) Autogyration sensu Augspurger (1986), or rotation around a vertical axis like 
the samara produced by species of Acer. 
2) Autorotation sensu Vogel (1981), or rotation around a horizontal axis like the 
samara produced by Ailanthus altissima. 
3) Barochory, or simple gravitational dispersal lacking a readily apparent 
aerodynamic pattern. 
 
Analysis.—When testing for interaction between wing-loading and aerodynamic 
types, the type III last-wise ANCOVA initially revealed that the slopes were equal (p = 
0.4565, DF = 2, F = 0.82). A second test found significant differences among the adjusted 
means (p = 2.2e-16, DF = 2, F = 1316.21). We therefore concluded that there was no 
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effect from wing-loading relative to observed velocities. However, the effects of 
aerodynamic properties were very strong, with seeds exhibiting gyration or rotation 
falling at significantly slower velocities than those exhibiting simple barochory (Table 
2.2). 
 
DISCUSSION 
 
Anemochory is considered a derived character state which may arise in certain 
climates lacking other dispersal agents (Van der Pijl 1982). Effectively the morphology 
of the diaspore (i.e., the seed in G. lasianthus), through interactions with the air, serves to 
slow the rate of descent and maximize horizontal displacement (Van der Pijl 1982; 
Augspurger 1986; Augspurger & Franson 1987; Matlack 1987). Timing the release of 
seeds to coincide with optimal conditions for dispersal can be a critical first step toward 
ensuring successful recruitment. For example, diaspores of the common dandelion 
(Taraxacum officinale) are only released when wind velocities exceed a threshold (Van 
der Pijl 1982), thus ensuring that seeds will be carried some distance from the parent 
plant. In G. lasianthus however, the maturation of fruits coincides with a seasonal decline 
in precipitation, and capsules typically open when RH < 67%. Air turbulence is still 
required to move supple, fruit-bearing branches and shake seeds out of the open capsules 
(Gresham & Lipscomb 1985, 1990). Thus, multiple meteorological conditions must be 
met before maximum dispersal distances can be achieved. Van der Pijl (1982) refers to 
these complexities as “Polychory and Attendant Phenomena.” In this context, dispersal is 
characterized not only by its spatial elements but also on a temporal scale. Such 
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interactions may suggest a tradeoff between optimal conditions for dispersal and the 
seasonal availability of habitat suitable for seedling establishment. 
Being rid of excess weight from atmospheric moisture when dry, wing-loading on 
seeds exhibiting autogyration or autorotation is reduced which permits slower fall 
velocities and allows more time for horizontal displacement (Augspurger 1986; 
Augspurger & Franson 1987; Matlack 1987; Thomson & Neal 1989). Conversely, during 
precipitation events or when RH exceeds a critical threshold, wind-dispersed seeds are 
more likely to absorb excess moisture which negatively impacts dispersal potential 
(Augspurger and Franson 1987, Matlack 1987). Given that the fruits of G. lasianthus 
close when RH exceeds a critical threshold of 67%, it is unlikely that moistened seeds 
would be shed in a natural setting. The fruits, therefore, serve as an important mechanism 
for preventing the release of seeds when weather conditions would limit dispersal 
potential and diminish the chances of successful seedling establishment. 
Germination in G. lasianthus apparently requires contact with mineral soil 
(Gresham & Lipscomb 1985, 1990) which suggests that seedling viability increases 
proportionately with dispersal distance. However, nearly all seeds fall within a distance 
equal to the parent tree height (Gresham & Lipscomb 1985, 1990). The observed 
variation in the aerodynamic properties of different seeds and the associated differences 
in fall velocities may explain some of the variation in seedfall density reported by 
Gresham & Lipscomb (1985). However, other factors such as the general columnar 
growth form of source trees (Gresham & Lipscomb 1985, 1990), climate dynamics, and 
ecological variation across the species’ range may all contribute to differences in the 
dispersal distance. Dispersal potential can also be functionally limited, suggesting the 
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reduced likelihood of encountering favorable environments beyond those more proximal 
to the source tree (Van der Pijl 1982; Augspurger & Kitajima 1992). 
Consistent with “pioneer vegetation” (Van der Pijl 1982), recruitment rates in G. 
lasianthus evidently increase on disturbed sites (Gresham & Lipscomb 1985, 1990). 
Mature trees resprout vigorously following fire (Gresham & Lipscomb 1985; Matlaga et 
al. 2010) or mechanical damage, and will flower on the new growth (pers. obs.). Low 
grade, surface fires may provide sufficient clearing of leaf litter and expose the soil 
surface, thereby increasing the chances for recruitment proximal to source trees. 
Prolonged dry conditions have been suggested to facilitate invasion into new sites along 
the edges of bay heads (Landman & Menges 1999). 
Pond pine (Pinus serotina), which also produces an anemochorous, winged seed, 
shares several autecological similarities with G. lasianthus including increased seedling 
establishment following fire and the ability to sprout if top-killed (Gresham & Lipscomb 
1985). The two species are often found in close association with each other in seasonally 
wet depressions that occur in the fire-dominated landscape of longleaf pine (Pinus 
palustris) savannas. FIA survey plot data support this relationship across all states in 
which G. lasianthus is found, except in Mississippi where P. serotina is not known to 
occur, and comparison of the mapped and modeled ranges (Little Jr. 1971, 1977; 
Ellenwood et al. 2015) show a high degree of overlap. 
In the absence of fire or other environmental disturbance, protected sites support 
some of the largest specimens (State and National Champions) of G. lasianthus (Figure 
2.5). These habitats may include bay heads in Florida (Stalter et al. 1980; Landman & 
Menges 1999; Matlaga et al. 2010), the interiors of pocosins and Carolina bays (Gresham 
18 
& Lipscomb 1985, 1990), and hardwood drainages in the Sandhills of South Carolina 
(pers. obs.). Given denser canopy cover, these sites may have reduced herbaceous 
diversity, and recruitment of G. lasianthus is likely to be low due to lack of suitable 
conditions for germination. 
While overwhelmingly G. lasianthus appears to be well-adapted to colonizing 
recently disturbed habitats, the limited dispersal potential of its seeds restricts recruitment 
opportunities to localities proximal to the source tree. Therefore, increases in population 
density and regular migration likely depend on recurrent, natural disturbances such as fire 
which can sustain early successional habitats in the vicinity of source trees. If optimal 
conditions for recruitment are constant, the population migration rate can be calculated. 
Assuming that the majority of seeds fall within 2 times the parent tree height (Gresham & 
Lipscomb 1990) and the mean height of trees recorded in FIA data (Table 2.3) equates to 
individuals approaching 30 yrs of age (Gresham & Lipscomb 1985), we estimate that a 
population would take upwards of 1200 years to migrate 1 km. Thus, any noticeable 
changes in population distributions or range-wide shifts are likely to occur on a 
millennial scale. When confronted with an accelerated rate of climate change, 
conservation strategies need to be adaptable and should consider challenges a species 
may encounter when dispersal rates and distances fall short of suitable environmental 
conditions. 
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Table 2.1 Saturated salt solutions and expected relative humidity. 
 
Salt %RH Mean Apeture (% Open) 
KNO3 95 48 
KCl 85 61 
NaCl 75 73 
NH4NO3 67 76 
MgCl 33 92 
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Table 2.2 Mean velocities for seeds exhibiting different aerodynamic patterns. 
 
Aerodynamic Pattern Mean Velocity (ms-1) SE SD 
Autogyration 0.983976 0.01137598 0.1203921 
Autorotation 1.419054 0.01691064 0.06764256 
Barochory 4.113542 0.07266432 0.2055257 
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Table 2.3 Mean Actual Tree Height from FIA survey plot data. FIA survey plot data 
(n=10,537) show mean Actual Tree Height (ACTUALHT) equates to a size equivalent to 
30 years of age. ACTUALHT is defined as total height of the tree including any missing 
portion, which if available is measured and if not is estimated. 
 
Mean ACTUALHT (m) Min Max SD 
12.2 1.5 33.5 5.3 
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Figure 2.1 Buds and flower at various stages of development. 
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Figure 2.2 Detailed view of a flower. A. A fully open flower, note the ciliate margin and 
concave shape of the first petal (lowest pictured). Staminal lobes project from the base of 
petals. B. The same flower viewed from above. Note the star-shaped stigma. 
 
 
A B 
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Figure 2.3 Pollinators, pollen thieves and other visitors. A. Native bee, possibly 
(Augochlorella sp.); note the Fruit Fly on first (lowest) petal. B. Honey Bee (Apis sp.). C. 
Spotted Cucumber Beetle (Diabrotica undecimpunctata). D. Meal Moth (Pyralis 
farinalis). 
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Figure 2.4 Detailed view of a fruits and seeds. A. A mature fruit now exceeding the 
sepals which remain clasping as fissures begin forming along lines of dehiscence. B. 
Mature fruit showing the release of tardily senescent sepals. Note the pedicel is still 
green. C. Viewed from above, the seeds (wings up) are neatly arranged four in each 
locule. D. A seed enlarged approximately 4x as it would appear in a capsule with its wing 
up. 
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Figure 2.5 National Champion Jacksonville Arboretum, Jacksonville, FL (Duval County). 
The recorded height is 117ft, though LiDAR data and personal estimates suggest it may 
actually be less than 100 feet tall. 
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CHAPTER 3
METEOROLOGICAL LIMITATION OF DISPERSAL AND ENDEMISM: 
LOBLOLLY BAY (GORDONIA LASIANTHUS) IN THE 
SOUTHEASTERN UNITED STATES COASTAL PLAIN2 
 
ABSTRACT 
 
The Southeastern United States is a global biodiversity hotspot that boasts a 
multitude of narrowly endemic plant species (> 1,000) and vegetative communities. 
Conservation of these unique landscapes requires a better understanding of potential 
impacts from human activity and a changing climate. It is often difficult to assess such 
impacts for the rarest of species given a paucity of occurrence information. However, 
more common yet regionally endemic species may serve as surrogates. We focus on the 
seed dispersal mechanism of the regionally endemic tree species Gordonia lasianthus 
(L.) Ellis (Theaceae). Using field observations, herbarium specimens, and weather data 
we developed models for producing locality specific seed shadows. We then tested for 
skewed dispersal potential under the effects of historic and present prevailing wind 
direction during the seed season across the species’ range. We also considered the 
potential impact that extreme weather events such as hurricanes might have on dispersal 
                                                          
2 Brown, Herrick H.K. and D.S. Wethey. To be submitted to Oecologia. 
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potential. The results suggest that endemism of anemochorous species in the Southeastern 
United States Coastal Plain may be strongly tied to meteorological conditions during seed 
dispersal events. 
 
INTRODUCTION 
 
Given the relatively broad geographic coverage of the Southeastern United States 
Coastal Plain (approximately 1.1 million km2), pathways to endemism vary and are 
reasonably influenced by neighboring floristic provinces (Sorrie and Weakley 1999). 
While endemism may arise through speciation (neoendemism) (Sorrie and Weakley 
1999), limited geographic distributions may also result from barriers to migration 
(paleoendemism) (Stebbins and Major 1965). Typically, such barriers are imagined as the 
appearance or disappearance of physical features of the earth such as land bridges or 
mountain ranges. In the absence of physical barriers (historical or present), limited or 
skewed dispersal potential is primarily manifested through interactions with relevant 
biotic or abiotic dispersal vectors. Here we examine the potential for meteorological 
limitation of geographic range in a wind dispersed endemic, as a model for the 
development of paleoendemism. 
Wind dispersal (anemochory) is a derived character state that may arise in 
environments principally lacking biotic dispersal agents (Van der Pijl 1982). 
Observations in the seasonally dry forests of Central America (Janzen 1967) suggest that 
dispersal of anemochorous diaspores coincides with decreased rainfall and the associated 
decline in insect herbivore populations thereby mitigating the potential for seedling 
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predation. Here we use the regional endemic Gordonia lasianthus (L.) Ellis (Theaceae) in 
the Southeastern US Coastal Plain to examine the relationship between wind dispersal 
and endemism. Whether ancestral members of Gordonia Ellis experienced environmental 
conditions similar to the present is speculative, but may provide a plausible scenario 
whereby winged seeds evolved. Phylogeographic analysis supports the likelihood that 
ancestral members of the Theaceae originated in the New World tropics and diverged 
before or during the Mid-Miocene when global climate conditions were warm enough to 
facilitate migration across the Bering land bridge into eastern Asia (Li et al. 2013). In 
North America, G. lasianthus stands alone as the only representative of the Theaceae 
north of Mexico that produces winged seeds. Interestingly, it is also the only member 
north of Mexico that is evergreen and is sister only to the Central American species, G. 
brenesii (Standl.) Q. Jiménez. 
In Eocene formations in western Kentucky and Tennessee, fossil fruits and seeds 
identified as belonging to the Theaceae (Grote and Dilcher 1992) provide evidence that 
anemochorous members of the family ranged much further north than presently. The 
implication of historical, rapid migration rates over long distances suggests that G. 
lasianthus might fare well during future climatic shifts and in the context of current 
conditions may place greater importance on extreme dispersal events (Clark et al. 1998, 
2001). However, interpretation of the fossil record is problematic and prone to error. 
Phylogenetic and ontogenetic analyses (Gunathilake et al. 2015, Prince & Parks 2001, 
Tsou 1997, 1998) indicate that within the Theaceae, the anemochorus seeds found in the 
tribes Theeae and Gordonieae sensu stricto are independently derived characters and not 
plesiomorphic. Thus, it is unclear exactly how far north G. lasianthus or its ancestors 
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historically ranged. Notwithstanding this ambiguity, molecular dating suggests that 
Gordonia diverged from its next closest kin Franklinia W. Bartram ex Marshall and 
Schima Reinw. ex Blume around 11 million years ago (Li et al. 2013). Under such 
circumstances, it is reasonable to interpret G. lasianthus as a paleoendemic likely derived 
from a neighboring floristic province (Sorrie and Weakley 1999). Yet without a readily 
apparent geographic barrier to dispersal beyond its current range, the distribution of G. 
lasianthus remains somewhat enigmatic. 
The effects of directionally consistent winds on anemochorous diaspores has been 
demonstrated to result in skewed dispersal potential (Augspurger 1986). Thus during the 
seed season (SS), which lasts from October through March, prevailing wind direction 
may function as a barrier to migration beyond the known area of occurrence. In this 
study, we examined the dispersal potential of G. lasianthus seeds across the species’ 
range in the context of historical and modern meteorological data. We also considered the 
potential effects that extreme weather events such as hurricanes may have on dispersal 
patterns. 
 
Model Species 
Geographic range.—G. lasianthus is endemic to the southeastern US and ranges 
from Gulf-coastal counties in southeastern Mississippi eastward to Florida where it 
reaches its southern limit near Lake Okeechobee and follows the Atlantic Coastal Plain 
northward to the North Carolina – Virginia state line. Little (1977) mapped the extent of 
occurrence and indicated a few disjunct populations toward the western limits of the 
species’ range. The Little (1977) map overlaps a recently modeled extent produced using 
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occurrence data from The US Forest Service - Forest Inventory and Analysis (FIA) 
Program (Ellenwood et al. 2015). Notably however, ongoing efforts to digitize herbarium 
specimens have made available many more occurrence records that augment prior 
published accounts of the known area of occurrence (SERNEC Data Portal 2017). 
Phylogenetic relationships.—Three New World taxa (Gordonia – 2 species, 
Franklinia - monotypic) and the Old World genus Schima, which may form a 
polymorphous species complex (Bloembergen 1952) or contain as many as 20 different 
species (Keng 1962), comprise the small tribe Gordonieae sensu stricto (Grayum and 
Jiménez Madrigal 2011, Gunathilake et al. 2015, Li et al. 2013, Prince and Parks 2001). 
Inferred phylogeny places the Gordonieae sister to the poorly-resolved Theeae which 
includes both New and Old World species currently assigned to Laplacea Kunth and the 
Old World genus Polyspora Sweet ex G. Don among others (Prince and Parks 2001). 
Origin of anemochory.—Collectively, most species in the Theaceae produce dry, 
dehiscent capsules bearing multiple seeds though a few produce thick-walled, fleshy 
indehiscent fruits. Seed size and morphology is widely varied within the family with most 
forms apparently relying on gravity, or barochory, as a dispersal mechanism (Gunathilake 
et al. 2015). Thus, the apical wings on seeds produced by species of Gordonia, Laplacea, 
and Polyspora appear to be a derived character state enabling them to disperse by wind. 
In Gordonia and Polyspora the extension of tissues to form a wing differs 
ontogenetically indicating that this shared character is the result of convergent evolution 
(Gunathilake et al. 2015, Prince & Parks 2001, Tsou 1997, 1998). Thus, the trait would 
likely have arisen first in the Theaceae and then later during the Mid-Miocene divergence 
in Gordonia via an entirely different developmental pathway. 
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Dispersal Phenology 
Fruits of G. lasianthus typically mature in October (Brown and Wethey 2019, 
Gresham and Lipscomb 1985, 1990) and while the majority of seeds are shed by the end 
of the year, some continue to fall through March of the following year (Brown and 
Wethey 2019, Gresham and Lipscomb 1985, 1990). The timing of these events is 
coincident with a relatively dry season, which may be punctuated by brief periods of 
precipitation and elevated relative humidity (RH). Brown and Wethey (2019) 
demonstrated that when RH > 67%, the capsule valves of G. lasianthus fruits close and 
prevent seeds from being released, thereby further restricting the timing of dispersal 
events. Given seasonal limitations and requisite atmospheric conditions, dispersal events 
in G. lasianthus may be restricted to specific weather patterns which produce 
directionally consistent winds and result in skewed dispersal potential (Augspurger 
1986). 
 
MATERIALS AND METHODS 
 
Data Collection 
Occurrence data.—Occurrence data for G. lasianthus were compiled from the US 
Forest Service plot surveys (FIA) and from herbarium specimen (SERNEC) databases 
(Forest Inventory and Analysis Database 2015, SERNEC Data Portal 2017). 
Georeference coordinate values for FIA occurrence records were based on plot surveys 
where G. lasianthus was recorded across all  survey years (1968-2013 non-continuous) in 
all states where it is known to occur naturally (Alabama, Florida, Georgia, Mississippi, 
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North Carolina, South Carolina). Coordinate values for SERNEC occurrence records 
were based on georeferenced voucher specimens of G. lasianthus and specimens of other 
species where G. lasianthus was included as a community associate (i.e. search criteria: 
WHERE Habitat LIKE “%Gordonia%” or WHERE Habitat LIKE “%lasianthus%”). 
Seedfall velocities.—Seedfall velocities and aerodynamic patterns were recorded 
using playback at normal speed of video captured at a high frame rate as described in 
Brown and Wethey (2019). This involved seed drop tests from approximately 2 m in still 
air. The seedfall behavior was observed by using frame by frame advance of video 
captured at a high frame rate. Seedfall velocities were calculated by measuring the 
distance traveled between each advancing frame. 
Meteorological data.—Wind and profiles within forest canopies were obtained 
from 2D wind speed and direction at all heights recorded at 2 min intervals from sensors 
on National Ecological Observation Network (NEON) towers (data accessed 2018). 
Relative humidities (RH) were obtained from the same locations. Towers at Jones 
Ecological Research Center (JERC, 31.19484°N, 84.46861°W) in southwest Georgia and 
Ordway-Swisher Biological Station (OSBS, 29.68927°N, 81.99343°W) in north Florida 
were selected based on favorable surrounding habitat and their location within the range 
of G. lasianthus. Generally, continuous monthly data were available from November 
2015 through August 2018, with some gaps due to sensor failure (e.g. data unavailable 
for January and March of 2017 at JERC). For some months this prevented models from 
producing meaningful output. 
In order to estimate the distribution of wind directions and velocities along the 
edges of the geographic range, we used 3-hourly u (East/West) and v (North/South) wind 
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data at 10 m and 3-hourly RH data at 2 m for the years 1979 through 2017 from the 
National Centers for Environmental Prediction (NCEP) North American Regional 
Reanalysis dataset (NARR 2017). For estimation of centennial wind distributions, we 
obtained 3-hourly u and v wind data at 10 m and daily temperature and dewpoint data at 
2 m for the period 1900 through 2010 from the European Centre for Medium-Range 
Weather Forecasts (ECMWF) ERA-20C dataset (2018). Temperature (T2) and dewpoint 
(DP) values from the ERA-20C data were used to calculate RH. Given that T2 and DP 
values ranged between -20° C and 50° C we used the constants m=7.591386 and 
Tn=240.7263 (Vaisala 2013) (Equation 3.1). 
 
 𝑅𝐻 = 100 × 10(𝑚×(
𝐷𝑃
𝐷𝑃+𝑇𝑛)−(
𝑇2
𝑇2+𝑇𝑛)) Equation 3.1 
 
Models 
New range polygon.—We developed a new range polygon that differed from 
Little’s (1977) range map by using the occurrence data from FIA to create a point shape 
file in ArcMap 10.3 (ESRI 2015). We then used the sp package in R (Bivand et al. 2013) 
to create a smoothed contour around the point shape file. The smoothed contour was then 
clipped along the coastline to eliminate points in the ocean. Finally, SERNEC points 
representing the western, northern and southern-most occurrences were added to generate 
a new range map. 
Seed shadows.—The models simulated groups of seeds being dropped every 20 
min from the canopy height recorded for the NEON tower (JERC = 22 m, OSBS = 20 m). 
Each group had the distribution of fall velocities measured by Brown and Wethey (2019). 
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Simulated release of seeds was only allowed to occur when RH fell below the critical 
threshold of 67% as determined by Brown and Wethey (2019) during each month of the 
SS which was defined as October through March (Gresham and Lipscomb 1985, 1990). 
In R we used the recorded seedfall velocities to calculate the horizontal displacement of 
seeds based on linear interpolation of the vertical profiles of 2D wind speed and direction 
recorded at all NEON sensors below the canopy height until the seed reached the ground. 
Once the seed reached the ground, its location was recorded. All final resting locations of 
dropped seeds were then plotted to produce a seed shadow. Seed shadows for each month 
and for each SS (October 2016 – March 2017 and October 2017 – March 2018) were 
produced for each NEON tower location. From the modeled seed shadows, we selected 
the month and tower location where the maximum dispersal distance was reached. These 
parameters were then used to scale dispersal distances for shorter/younger trees at the 
same time and place by adjusting the release point to match heights for trees of different 
age classes as defined by Gresham and Lipscomb (1985). 
Seed shadow model validation.—To assess the seedfall model, we used the 
rosavent function from the climatol package in R (Guijarro 2018) to plot density 
distributions of modeled seed resting locations within distances equivalent to 1, 2, 3, and 
> 3 times the canopy height (20, 40, 60, > 60 m) recorded for each NEON tower for each 
month. These values were then compared to observed seedfall densities reported by 
Gresham and Lipscomb (1985, 1990). We used the vioplot package in R (Adler 2005) to 
produce violin plots that characterized the distribution and probability density of seed 
dispersal distances for each month and each SS. Quantile-quantile plots provided a 
measure of skewness and kurtosis in the distribution of dispersal distances. Since wind 
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speed profiles vary relative to forest composition (i.e. factors such as canopy density or 
roughness height), we plotted the wind speed profile for each SS at each NEON tower 
location. 
Age-structured migration timescale.— We estimated the age-dependence of tree 
heights from size/age classes presented by Gresham and Lipscomb (1985). Assuming the 
maximum dispersal distance of 2x tree height (Gresham and Lipscomb 1985), these 
values were used to calculate the migration distance per generation for populations with 
an older age to maturity. Considering the possibility that field observations may not 
account for extreme outliers (Clark et al. 2001), we also calculated the migration distance 
per generation using the maximum modeled dispersal distance from NEON sites across 
both SS using the same size/age classes. Multigenerational migration timescale was 
calculated in years per kilometer as the age of the tree in years (Y') divided by the 
dispersal distance (𝑑𝑚𝑎𝑥) in km of seeds from a tree of that age (Equation 3.2). To 
estimate multigenerational dispersal distances, we calculated the migration timescale for 
five size/age classes ranging from 10 y to 50 y. 
 
 (
𝑌′
𝑑𝑚𝑎𝑥
) = 𝑌(𝑘𝑚−1) Equation 3.2 
 
Wind roses.—We used R to identify the NARR grid cell that most closely 
matched the mid-points along the northwestern and southern range edge boundaries. Mid-
points were determined by selecting the NARR pixel that intersected the inland range 
edge halfway between the coastal boundaries of the geographic range polygon. The 
rosavent function from the climatol package in R (Guijarro 2018) was then used to 
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generate wind roses which depict the cumulative wind speed and direction during the SS 
when RH < 67% along each range edge for each year for the years 1979-2017. The same 
process was repeated for ERA-20C data for the years 1900-2010. 
Range edge wind frequencies.—We used R to identify 87 NARR grid cells along 
the northwestern and southern range edge boundaries represented by the polygon 
generated from the occurrence data. For each point along the range edges we determined 
the inward direction (i.e. the direction that would represent winds moving into the range 
polygon at an angle perpendicular to the range edge at that point) through visual 
inspection. Based on the mean canopy height (21 m) of the JERC and OSBS towers and 
mean seedfall velocities observed by Brown and Wethey (2019), we assumed that wind 
speeds of at least 2 m s-1 would be required to achieve the maximum dispersal distance of 
2 times the canopy height; a ratio given by Gresham and Lipscomb (1985, 1990). We 
then calculated the percent of cumulative (for all years 1979-2017) inward winds > 2 m s-
1 during the SS when RH < 67% at each point. 
Extreme weather events.—In 2016, the Southeastern Coastal Plain experienced 
three major hurricanes that passed in close proximity to the OSBS NEON tower just 
before and during the SS. To examine the potential effects of these extreme weather 
events on seed dispersal we coupled 2016 OSBS NEON tower data with the 
corresponding NARR grid cell for the months of September through November. We then 
used R to interpolate missing values in the NEON data with the NARR data for the 
equivalent time points. This yielded a continuous record of wind speed and direction and 
RH for the period of interest. We then plotted wind speed and direction when RH < 67% 
along a timeline and marked the beginning and end of hurricanes Hermine (start=2016-
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08-30, end=2016-09-04), Julia (start=2016-09-14, end=2016-09-20), and Matthew 
(start=2016-09-28, end=2016-10-09). 
 
RESULTS 
 
Geographic Range 
New range polygon.—The US Forest Service inventory and new herbarium data 
points expand the limits of Little’s range with the exception of the western-most disjunct 
population represented by a separate polygon in southern Mississippi (Figure 3.1). 
Despite ambiguity associated with some herbarium specimen localities, others have been 
substantiated through sight records and confirm that the species occurs naturally as far 
north as Great Swamp in Currituck County, North Carolina (pers. comm. Harry LeGrand, 
North Carolina Natural Heritage Program – retired). Additional caveats involve the 
inclusion of apparently deprecated FIA sites which may not represent valid occurrences 
(Ellenwood et al. 2015). The geographic range of the species is approximately 50% larger 
in this analysis than in Little’s (1977) map, primarily due to FIA observations which may 
also provide density information. 
 
Dispersal Models 
Seed shadows.—Models for 10 months from JERC (data unavailable for months 
January and March 2017) and 12 months from OSBS produced relatively uniform seed 
shadows (Figure 3.2) with seeds dispersing in nearly every direction. Exceptions included 
January and February 2018 at OSBS where there appeared to be consistent directionality 
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of winds when RH < 67%. Dispersal distance density distributions were variable at each 
site from month to month. However, the general direction of density distributions was 
similar at both sites during the same monthly time period. While relatively few dispersal 
events resulted in distances greater than 60 m, the direction of such events was also 
similar at both sites. The direction of long-distance dispersal patterns (> 60 m) was not 
always consistent with the direction in which the majority of seeds dispersed. 
Seed shadow model validation.—Median values of monthly dispersal distances at 
OSBS for the majority of months were between one and two times the canopy height (20 
- 40 m), whereas median values at JERC were more often less than the canopy height (22 
m). Similarly, across the entire SS for both years, median dispersal distance was greater 
than the canopy height at OSBS, but less than the canopy height at JERC (Table 3.1). 
These results are summarized in violin plots for each SS (Figure 3.3) and follow the same 
trend with seeds dispersing further relative to canopy height at OSBS as compared to 
JERC. 
Quantile-Quantile plots (Figure 3.4) indicate dispersal distances are right-skewed 
at both sites. Heavy-tailed, right-skewed distributions occurred more frequently later in 
the SS (months January through March) at JERC and for the majority of monthly 
distributions at OSBS. Cumulative dispersal distances throughout the entire SS for both 
years, had heavy-tailed, right-skewed distributions that were similar at both sites. 
During both SS, the wind speed profile (Figure 3.5) at OSBS revealed 
comparatively higher speeds than JERC. Wind velocities at both sites during the 2016-
2017 SS were reduced at the first sensor below the canopy height, increased slightly at 
the second sensor beneath the canopy, and continued to slow at lower sensors. However, 
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in the 2017-2018 SS at both sites the decline in wind velocity below the canopy was 
roughly exponential. 
Age-structured migration timescale.—While the migration timescale for trees 
comparable to the height of NEON towers (20 m or 50 y) was 457 y km-1, the shortest 
calculated time to reach 1 km was 343 y for trees in the 10 y old size/age class (Table 
3.2). This is due to the 10-year interval between dispersal events in this age class. 
Representing an apparent trade off among generation time, tree height and maximum 
dispersal distance, the greatest amount of time to migrate 1 km was in 30 to 40 y old 
trees. 
Wind roses.—Wind roses (Figure 3.6) were generally consistent between the 
NARR and ECMWF data sets where they overlapped. When RH < 67%, the highest 
winds along the northwestern range edge boundary (the line from southern Mississippi to 
southeastern Virginia) were typically oriented perpendicular to the boundary line and 
blew SE or roughly into the geographic range of G. lasianthus. Low-humidity winds 
along the southern range edge boundary (the line running E/W through south-central 
Florida) exhibited a strong tendency to blow due S or out of the geographic range. 
Range edge wind frequencies.—Across all 87 NARR pixels, cumulative (for all 
years 1979-2017) inward wind frequencies (Figure 3.7) did not exceed 75% of all winds 
when RH < 67% during the SS. The northwestern (inland) range edge boundary passed 
through 75 NARR pixels. Of these, 50% (36 sites) had cumulative inward wind 
frequencies that fell within the upper third of the range (> 67%). Four sites along the 
inland boundary had inward wind frequencies below the lowest third of the range (< 
33%) and were located at points where inward winds would have originated in the NE. 
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Along the southern range edge boundary (in south-central Florida), 75% (8 sites) of the 
remaining 12 NARR pixels had cumulative inward wind frequencies that fell below the 
lowest third of the range. 
Extreme weather events.—The wind time series (Figure 3.8) revealed changes in 
the intensity and directionality of low-humidity winds during the duration of each storm. 
This indicates that the combined data (NEON and NARR) may serve as proxies for 
hurricanes. Winds follow a recognizable pattern associate with each system, which is 
marked by an apparent shift from the NE at the approach of each storm to SW after it has 
passed. The strongest low-humidity winds recorded during the 2016 hurricane season at 
OSBS occurred at the leave of Hurricane Matthew and were overwhelmingly from the N 
(see Figs. 2 and 8 for comparison of maximum dispersal events and the winds that 
produced them). The winds associated with Hurricane Matthew were in the 98th 
percentile of winds (velocities > 6 m s-1) during the period of record at the OSBS site. 
 
DISCUSSION 
 
In this paper we test the hypothesis that meteorological conditions limit the 
geographic range in a wind dispersed endemic, as a model for the development of 
paleoendemism. Our analysis indicates that the prevailing direction of low-humidity 
winds during the SS acts as a barrier to dispersal outside of the geographic range for the 
endemic southeastern tree G. lasianthus. The geographic range encompasses 
approximately 342000 km2 or about 30% of the Southeastern Coastal Plain as defined by 
Sorrie and Weakley (1999). Cumulative range edge wind frequencies along the inland 
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boundary, which spans a distance of approximately 1,330 km from southern Mississippi 
to the North Carolina – Virginia state line, overwhelmingly blow into the geographic 
range when meteorological conditions favor release and dispersal of seeds Figure 3.7). 
This pattern is consistent in meteorological reanalyses from NARR and ECMWF 
spanning 117 y (1900-2017). Right skewed dispersal potential was similar in modeled 
dispersal patterns at two localities (JERC and OSBS) that were 290 km distant from each 
other. This indicates the potential for similar meteorological conditions across the eastern 
third of the Southeastern Coastal Plain which averages 230 km from the fall-line to the 
coastline. Extreme weather associated with hurricanes during the 2016 season did little to 
alter this pattern. 
Localized dispersal patterns.—While the mean direction of winds appears to be 
similar at both JERC and OSBS, the greater dispersal distances achieved at OSBS are 
consistent with the observation that wind velocities below the canopy are generally faster 
at that site (Fig 5). This is likely due to the lower vegetation density at OSBS compared 
to JERC. Interestingly, density distributions of seedfall distances were similar at both 
sites. However, the maximum dispersal distance and direction of the seeds that traveled > 
60 m (over 3 times the canopy height) varied by month and location (Figure 3.2). While 
higher horizontal wind speeds achieved the greatest dispersal distances, such events were 
associated with relatively lower seedfall densities and were temporally isolated. 
Range-wide dispersal patterns.—Wind roses and range edge wind frequencies 
clearly demonstrate that during periods of low humidity (i.e. RH < 67%) prevailing wind 
of appreciable speed (> 2 m s-1) overwhelmingly blows into the range of G. lasianthus 
from the Northwest (Figure 3.7). Therefore, the apparent inability of the species to 
44 
 
colonize points further inland is under strong influence of wind direction during the SS 
which results in a reduced dispersal potential. While winds along the southern border 
would support dispersal into southern Florida (Figure 3.7), colonization of this area is 
unlikely due to the elevated water table and thin soils that prevent successful seedling 
establishment (Gresham and Lipscomb 1985). The minimum elevation associated with 
occurrence records in this area is approximately 15 m. 
Extreme dispersal events.—Modeled dispersal patterns from seed shadows are 
consistent with field observations (Gresham and Lipscomb 1985) and the majority of 
seeds fell within 2 times the parent tree height. However, the distribution of dispersal 
distances was right skewed indicating that it may be difficult to detect the most extreme 
dispersal events in the field. Such events may occur if seeds are set aloft from upward 
vertical winds associated with approaching storms or canopy level turbulence. Horizontal 
wind gusts may also displace seeds at greater distances. While relatively few in number, 
extreme dispersal events may play a critical role in the overall migration timescale and 
potential for range expansion (Clark et al. 1998, 2001). In the case of G. lasianthus 
however, this point is moot in the face of prevailing wind direction during the SS. 
Hurricanes are often associated with extreme dispersal events or range expansion 
(Bhattarai and Cronin 2014, Wang et al. 2011). It is probable that large surface-level low 
pressure systems which typically move westward across the Atlantic might provide an 
opportunity for wind-blown seeds to disperse against prevailing winds. Yet since RH 
controls the release of seeds in G. lasianthus fruits by acting upon the capsule values, 
only the drier winds during the arrival and departure of the storm bear any effect on 
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dispersal. During the storm, RH is above the 67% threshold which forces the capsule 
valves shut and prevents the release of seeds. 
We focused on the 2016 Atlantic Hurricane Season which produced three storms 
that passed in close proximity to the OSBS site during the SS (Figure 3.8). All three 
hurricanes (Hermine, Julia, and Matthew) followed similar paths along the Atlantic 
seaboard and spent little time in the Gulf of Mexico. Due to the counterclockwise rotation 
at the approach of each storm, wind direction was northeasterly and shifted to the 
opposing direction after each storm passed. Thus, any dispersal events associated with 
one of these storms would most likely result in dispersal within the existing range that 
follows the roughly SW to NE orientation of the Southeastern Coastal Plain. Additional 
investigation, however, should address the possibility that dry winds might blow 
westward and out of the geographic range of G. lasianthus toward the center of rotation 
of storms that pass further to the west (e.g. Katrina in 2005). Rough inspection of NARR 
u and v wind data on August 30, 2005 indicates northwestward winds between 4 – 8 m s-1 
over most of Georgia after Katrina made landfall (Figure 3.9). 
 
Implications 
Current conditions.—G. lasianthus apparently lacks the ability to disperse 
westward or northward beyond its current range. This raises questions regarding its 
geographic origin. Sorrie and Weakley (1999) align it with temperate genera evidently 
based on the preconceived notion that it, along with more distantly related taxa such as 
Stewartia, are part of the Arcto-Tertiary Geoflora. This would imply a historical invasion 
from the Appalachian highlands. However, phylogeographic evidence (Li et al. 2013) 
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indicates a subtropical origin suggesting a possible, though somewhat distant, alliance 
with the West Indian Floristic Province. Thus, given prevailing westerly winds, one 
plausible scenario would involve a pattern of eastward migration from northern Mexico 
or gulf-coastal Texas that began when Gordonia diverged from Franklinia and Schima 
about 11 mya (Li et al. 2013). Under this theory, an alternative interpretation of Little’s 
(1977) range map is that disjunct occurrences at the western extreme in Mississippi and 
Alabama represent relict populations suggesting an erosion of the range edge by an ever-
advancing western barrier to dispersal. 
Historic conditions.—During the Last Glacial Period (115-11.7 kya) the 
Southeastern Coastal Plain experienced a series of inundations and exposures due to 
oscillations in global climate conditions. This period included the most recent time when 
a cooling climate lowered sea levels and exposed the Southeastern Coastal Plain. 
Assuming that the shortest possible time interval between maximum dispersal events for 
new populations of G. lasianthus is 10 y, we estimated that the advancing edge of a 
population would reach 1 km in 343 y. The eastern third of the Southeastern Coastal 
Plain, which encompasses the range of G. lasianthus, averages about 230 km from the 
fall-line to the coastline. Therefore, for G. lasianthus to colonize the Southeastern Coastal 
Plain it may have required at least 78,800 y. However, the inland range edge spans a 
much greater distance (1,330 km) and would have required upwards of 450,000 y to 
reach the current extent from Mississippi to the North Carolina – Virginia state line. A 
similar duration would be expected for a migration from northern Mexico to the western-
most present day occurrence. Assuming the path of migration tracked south of glacial 
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maxima, this scenario would place the advancing range edge of G. lasianthus at the 
Texas – Mexico border at minimum of 900 kya. 
Future conditions.—The relationship between dispersal ability, migration 
timescale and available suitable habitat in the context of forecast climate conditions 
warrants significant consideration. Wind dispersed endemic species in the Southeastern 
Coastal Plain may already be disadvantaged due to limited dispersal potential that is 
directionally skewed by prevailing winds. In our model species, G. lasianthus, we 
calculated migration timescale based on maximum modeled dispersal distance. Rapidly 
changing climate conditions may accelerate displacement of suitable environmental 
conditions (e.g. available moisture) and surpass the migration rate resulting in stress to 
extant populations and decline in recruitment at new sites (Primack and Miao 1992). 
An interesting analysis of FIA data by Fei et al. (2017) suggests a non-significant 
shift (westward and northward) in recruitment of G. lasianthus based on recorded size of 
trees. In a broader context, changes in moisture availability and successional processes 
over the past 30 y are significantly associated with changes in subpopulation abundance 
on the leading range edge for a variety of tree species included in the analysis (Fei et al. 
2017). The pattern of northwestward migration (4 km per decade for G. lasianthus) 
calculated by Fei et al. (2017) appears to be based on the weighted mean estimate of the 
center of distribution which does not equate to an advancing geographic range edge and 
presents an unrealistic migration timescale (137 times faster than values calculated in this 
study). Additionally, a major caveat in the use of large data sets is the potential to 
overlook details such as life history or breadth of associated habitats. Across its range, G. 
lasianthus is most heavily concentrated in northern Florida and this is also where some of 
48 
 
the largest individuals have been recorded (Florida Department of Agriculture and 
Consumer Services Champion Tree Database accessed 2018). Field observations 
(Kologiski 1977, Matlaga et al. 2010, Monk 1966, Stalter et al. 1980) propose that 
exceptionally large individuals of G. lasianthus tend to be associated with protected sites 
where the surrounding habitat shows little sign of fire or other recent disturbance. 
Therefore, larger individuals may experience increased mortality in habitats with shorter 
fire return intervals or more frequent change in environmental conditions. Thus, the 
apparent westward and poleward shift may not be representative of actual dispersal and 
recruitment patterns. Due to prevailing wind direction, our models suggest that dispersal, 
and therefore recruitment, is less likely to occur north and west of the current geographic 
range of G. lasianthus. Nevertheless, if available moisture has decreased in eastern 
portions of the range over the past 30 y (Fei et al. 2017) it is possible that recruitment 
success from dispersal events in that direction has diminished. 
General conclusions.—Areas of endemism are defined by distributional 
congruence between two or more species (Riddle 1998). In the case of the Southeastern 
Coastal Plain, this congruence appears to be a combination of paleoendemic and 
neoendemic species assembled from neighboring floristic provinces without clear barriers 
to dispersal (Sorrie and Weakley 1999). For anemochorous species however, prevailing 
wind direction may act as a dispersal barrier. In the case of G. lasianthus, prevailing wind 
direction appears to be the underlying cause for paleoendemism. However, wind-limited 
dispersal potential may extend to neoendemic species as well. While not considered 
endemic to the Southeastern Coastal Plain by some (Sorrie and Weakley 1999), the 
geographic range of P. serotina (Pond Pine) considerably overlaps that of G. lasianthus 
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and the two frequently co-occur in small depressions or pocosins (Gresham and 
Lipscomb 1985) that accentuate southeastern Long Leaf Pine savannas. Discounting the 
northern-most occurrences in the New Jersey Pine Barrens, if P. serotina is considered 
endemic to the Southeastern Coastal Plain, its relatively recent divergence from sister 
taxa more common to the Appalachian Floristic Province (Hernández-León et al. 2013) 
suggests that it is a neoendemic species that shares niche space with the paleoendemic G. 
lasianthus. Despite potentially originating from different floristic provinces and having 
very different phylogenies, both G. lasianthus and P. serotina produce anemochorous 
seeds. In each case, environmental conditions limit dispersal potential by restricting the 
release of seeds. In G. lasianthus, capsule valves open and release seeds when RH < 
67%. By contrast, in P. serotina heat from fire is required to force the cone scales to open 
and release seeds (Gresham and Lipscomb 1985). Arguably, fire occurs with less 
frequency than periods of low humidity which may further limit dispersal potential in P. 
serotina. However, historic fire frequency must have been sufficient to facilitate 
migration into the Southeastern Coastal Plain. While forecast climate conditions may 
bear some effect on recruitment of southeastern endemic species and human intervention 
in ecosystem processes such as prescribed burning may levy some ability to control fire 
frequency, prevailing winds may ultimately be the limiting factor placing wind-dispersed 
Southeastern Coastal Plain endemics at risk. 
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Table 3.1 Fraction of seeds dispersed within two times canopy height. Mean, minimum, 
and maximum values are summaries of the monthly simulations. Canopy height at JERC 
= 22 m, at OSBS = 20 m. 
 
NEON Site Mean Min Max SD 
JERC (monthly) 0.96 0.87 1.00 0.04 
OSBS (monthly) 0.88 0.70 0.96 0.07 
JERC (SS) 0.96 0.95 0.97 0.01 
OSBS (SS) 0.88 0.87 0.89 0.01 
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Table 3.2 Migration timescale for different size/age classes. Age-height relationship from 
Gresham and Lipscomb (1985, 1990). 
 
Age (y) Height (m) Max. Dispersal (m) Migration Timescale (y km-1) 
10 6.0 29 343 
20 9.5 47 422 
30 13.0 65 462 
40 16.5 86 467 
50 20.0 109 457 
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Figure 3.1 Gordonia lasianthus distribution polygons based on occurrence data from 1977 and present study. 
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Figure 3.2 Seed shadows and dispersal distances. Left to right: Modeled seed shadows, dispersal distance density distributions, and 
distribution of dispersal distances >3 times canopy height at OSBS during the 2016 hurricane season. Note that the direction of 
dispersal distances >3 times canopy height does not match that of the greatest density of dispersal distances. 
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Figure 3.3 Violin plots of dispersal distances for each NEON site by SS. Dashed vertical 
lines represent 1× and 2× canopy height. 
 
 
Seed Dispersal Distances by Site and Seed Season 
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Figure 3.4 Quantile-Quantile plots of dispersal distances at JERC and OSBS during both 
SS. 
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Figure 3.5 Wind speed profiles at both sites for each SS. Graphical elements in blue are based on values from JERC and those in red 
are from OSBS. Shaded quantiles represent the 10th and 90th percentiles. 
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Figure 3.6 Representative wind roses (NARR top, ECMWF bottom) and density distribution of seed shadow at OSBS (bottom right). 
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Figure 3.7 Percent of cumulative inward winds from NARR for all years 1979-2017 along range edge boundaries. Coastal boundaries 
were excluded since seaward winds would result in failed recruitment. 
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Figure 3.8 Time series of wind speed and direction. Shaded regions mark duration of hurricanes Hermine (prior to time series to 2016-
09-04), Julia (2016-09-14 to 2016-09-20) and Matthew (2016-09-28 to 2016-10-09). Arrows represent direction and 10% velocity of 
wind vectors every 10 min. 
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Figure 3.9 Wind vectors and contours associated with Hurricane Katrina after landfall on August 30, 2005. Note wind velocities over 
most of Georgia are between 4 – 8 m s-1 blowing to the Northwest. 
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CHAPTER 4
FORECAST CLIMATE VELOCITY OUTPACES DISPERSAL POTENTIAL OF A WIND-DISPERSED 
TREE SPECIES ENDEMIC TO THE SOUTHEASTERN UNITED STATES COASTAL PLAIN3 
 
ABSTRACT 
 
Plant communities in the Southeastern United States Coastal Plain constitute a 
rich assemblage of species from neighboring floristic provinces and include over 1,000 
species endemic to the region. Locally, conservation strategies that prioritize species that 
are most at risk of population decline or extinction face multiple challenges involving the 
compound effects of habitat fragmentation from development and urbanization, habitat 
degradation from invasive species, and a rapidly changing climate. Regionally, 
Landscape Conservation Cooperatives have worked to identify areas of conservation 
priority and promote the building or preservation of corridors to ensure habitat 
connectivity and continuity thereby mitigating impediments to dispersal and migration. 
We consider the dispersal potential and migration timescale of a wind-dispersed tree 
species endemic to the Southeastern United States Coastal Plain (Gordonia lasianthus) in 
the context of forecast climate velocity using a multimodel ensemble of climate forecasts. 
Our findings indicate that climate velocities and predicted presence velocities grossly 
                                                          
3 Brown, Herrick H.K. and D.S. Wethey. To be submitted to Global Change Biology. 
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outpace the species’ ability to migrate which may lead to localized extinction on many 
protected lands by the mid-21st century. 
 
INTRODUCTION 
 
Conservation and land management agencies face many challenges with respect 
to species and habitat preservation. Computational tools such as Species Distribution 
Models (SDM) may help guide land management protocols and better inform the 
decision making process involved in prioritization of land acquisition efforts. A simple 
approach to addressing habitat fragmentation is the practice of adding parcels of land 
adjacent to existing conservation lands (i.e. buffer zones). This practice has many 
favorable outcomes which include mitigating habitat degradation and optimizing the 
potential for land management strategies such as prescribed burning. Further, large 
contiguous tracts of land are better able to support longer residence times for species 
which are susceptible to changing climate conditions (Hamann et al. 2015, Loarie et al. 
2009). While the impacts of habitat fragmentation may be less obvious over larger tracts 
of land, impediments to migration and dispersal are no less a reality. Landscape 
Conservation Cooperatives (LCC) attempt to address these challenges through the 
identification of areas of high conservation priority with an emphasis on habitat 
connectivity and continuity and seek to build habitat corridors. This is an important 
concept in the context of forecast climate scenarios which suggest that habitat suitability 
is not always geographically stable. 
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The Southeastern United States Coastal Plain is composed primarily of 
Cretaceous sedimentary deposits and encompasses over 1.1 million km2 (Sorrie and 
Weakley 1999). From its inland boundary which is sharply demarcated by the fall-line 
where it abuts older Paleozoic formations, the Coastal Plain spans an average distance of 
230 km to the coast line along the Gulf of Mexico and the Atlantic Ocean. This area of 
relatively low relief supports one of North America’s most diverse floristic assemblages 
and over 1,000 endemic plant species (Sorrie and Weakley 1999). At its core, the fire-
driven Longleaf Pine (Pinus palustris) ecosystem occurs throughout most of the region 
from Virginia to central Florida and west to Texas. The characteristically low spatial 
gradient makes the region particularly susceptible to higher forecast climate velocities 
which may present additional challenges for conservation strategies (Loarie et al. 2009). 
 
Model Species Background 
Gordonia lasianthus naturally occurs in Alabama, Georgia, Florida, Mississippi, 
North Carolina, and South Carolina. It is frequently encountered in, but not exclusive to 
Longleaf Pine ecosystems and can serve as an indicator for microhabitats characterized 
by relatively poorly drained soils and moderate fire return intervals (Gresham and 
Lipscomb 1985, Kobuski 1951, Kologiski 1977, Matlaga et al. 2010, Monk 1966, Stalter 
et al. 1980). As such, it may be used as a surrogate for other species with similar habitat 
preferences such as Pond Pine (Pinus serotina) with which it often co-occurs (Gresham 
and Lipscomb 1985). Seeds of G. lasianthus are wind dispersed and are released during 
periods of low relative humidity primarily during the months of October – December 
(Brown and Wethey 2019). 
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Modeled seed dispersal potential in G. lasianthus (Brown and Wethey in prep.) 
indicated the fastest migration timescale of 343 y km-1 was achieved assuming an average 
age to maturity of 10 yr. This roughly approximates to a migration rate of 30 m/decade. 
The present study considers this migration rate in the context of SDMs using a 
multimodel ensemble of climate forecasts. We then compare the species’ migration rate 
to calculated velocities and distance measures for bioclimatic variables and predicted 
probability of presence during the 21st century. Finally, we calculate residence times for 
the model species on a select group of protected lands. 
 
MATERIALS AND METHODS 
 
Data Collection and Development 
Occurrence data.—The majority of occurrence records (27,628 trees and 1,360 
seedlings) were obtained from the US Forest Service Inventory and Analysis (Forest 
Inventory and Analysis Database 2015). Geographic coordinates were obtained for all 
survey plots across all inventory years (1968-2013) where G. lasianthus was observed. 
Occurrence data associated with herbarium voucher specimens were obtained 
from the SERNEC Data Portal (2017). These data included 68 specimen records of G. 
lasianthus and 27 specimens that mentioned G. lasianthus as an associated species. 
Collection dates ranged from 1886-2015. 
Additional occurrence data were obtained via download from Global Biodiversity 
Information Facility (GBIF.org 2018) where scientific name = “Gordonia lasianthus”. 
Results were filtered to remove those that obviously plotted outside of the natural range 
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(e.g. Canada). The GBIF data included 64 records with collection dates ranging from 
1886-2017. 
Finally, we queried the Natural Heritage Programs (NHP) for states (Alabama, 
Georgia, Florida, Mississippi, North Carolina, and South Carolina) within which G. 
lasianthus was known to occur naturally. The Virginia NHP was also due to observed 
occurrences near the state line in Great Swamp (36.33° N, 75.99° W) in Currituck 
County, North Carolina (pers. com. LeGrand 2019). Responses to these inquiries did not 
yield any unique coordinate values (pers. com. Barbour, 2017; Brinegar, 2017; Coleman, 
2018; Hypes, 2018; Schafale, 2017; Sullivan, 2018). 
Aggregation of these data rendered a total of 29,147 occurrence points. We 
removed two outliers in central Alabama, which evidently were in arboreta or botanical 
gardens. We then adjusted the precision of coordinate values to 0.1° which more closely 
matched the resolution of climate data (0.125° see Climate models below) and then 
removed all duplicates which left 980 unique values remaining for analysis. Finally, we 
used the spThin package in R (Aiello-Lammens et al. 2015) to reduce sampling bias from 
aggregated occurrence values which left 627 points that were used for modeling. 
Climate models.—We downloaded the monthly means of maximum and 
minimum daily temperatures, and mean monthly precipitation for 22 CMIP5 climate 
models that had been statistically downscaled to a resolution of 0.125° with the use of 
Bias-Correction Spatial Disaggregation (BCSD) (Brekke et al. 2013, Wood et al. 2004) 
from the Downscaled CMIP3 and CMIP5 Climate and Hydrology Projections archive 
(Reclamation 2014). All model data were from ensemble member r1i1p1 and included 
data from historical runs (1950 – 2005) and forecasts of Representative Concentration 
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Pathways 4.5 and 8.5 (RCP45 and RCP85) for years 2006 – 2099 (Taylor et al. 2012). 
Since historical and RCP runs are from the same ensemble member they represent 
continuous simulations from 1950-2099 because ending values for historical runs set the 
initial conditions for RCP runs. Models included a mix of earth system and general 
circulation models (Table 4.1).  
Construction of bioclimatic variables.—We used bioclimatic variables for niche 
modelling (Hijmans et al. 2005). These are 19 variables derived from monthly means of 
daily maximum and minimum temperatures and monthly means of daily precipitation, 
and include variables such as mean rainfall in the warmest quarter of the year and mean 
temperature of the driest quarter of the year. We used the biovars function in the R dismo 
package (Hijmans et al. 2017) to construct the 19 yearly bioclimatic variables for all 22 
climate models under each RCP scenario. Decadal means of the bioclimatic variables 
from 1950 – 2099 were constructed from the yearly values. Since historical model runs 
terminated in 2005, we truncated the ‘decadal’ period for the start of the 21st century to 6 
yr (2000 – 2005). RCP forecast decades started with 2006 – 2015, and resulted in 
truncation of the last ‘decadal’ period to 4 yr (2096 – 2099). 
Delimiting the climate envelope.—Bioclimatic variables were clipped to a region 
bounded by 25° to 45° N and 68° to 95° W. This area encompassed all of Florida and 
thus captured the southernmost potential for suitable terrestrial habitat. The western 
boundary was based on limited information returned from internet searches for records of 
G. lasianthus in botanical gardens or arboreta and included the eastern edge of Texas and 
states immediately west of the Mississippi River (Table 4.2). The northern limit was 
defined by a region that includes potential portions of the ancestral range in Kentucky 
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and Tennessee where other related taxa have been documented in the fossil record (Grote 
and Dilcher 1992). Suitable habitat at the eastern extreme was limited to the Atlantic 
seaboard. 
 
Modeling Historical and Future Habitat Suitability, Climate Velocity, and Presence 
Velocity 
Maxent.—We used the Maximum Entropy modeling method (Elith et al. 2011, 
Phillips and Dudík 2008) for hindcasting and forecasting species distribution. In R, we 
used the maxent function in the dismo package (Hijmans et al. 2017) to estimate 
likelihood of presence for the historical runs and the two future scenarios (RCP45 and 
RCP85) for each of the 22 climate models. We trained each model on the 1950 – 1959 
bioclimatic variables, and used the predict function in the dismo package to forecast areas 
of suitable conditions, or probability of presence (Elith et al. 2011), for each of the 
following decadal periods which encompassed the years 1960 – 2099. We then computed 
the means of 15 replicate Maxent simulations for each forecast climate scenario. 
Agreement among multimodel ensemble.—We used the evaluate function in the R 
dismo package (Hijmans et al. 2017) to predict species occurrence for all decadal periods, 
each RCP scenario, and each climate model. To evaluate agreement among models we 
asked what fraction of models predicted presence of the species. To do this we converted 
probability of presence to a binary presence/absence in each decade. We then used the 22 
distribution maps (one for each climate model) for the historical 1950 – 1959 decadal 
period to calculate the fraction of models that agreed that the species was present within 
its observed geographic range. Since some models overpredicted and others 
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underpredicted the geographic range, we looked for the fraction of models that most 
closely matched the observed historical distribution, and assumed that same fraction 
would be best for forecasting future distributions. To find the optimal value of the 
agreement fraction, we used the relationship between the True Positive Rate (TPR = 
fraction of pixels from model predictions where presence was predicted and there was a 
corresponding observation in the historic record) to the False Positive Rate (FPR = 
fraction of pixels from model predictions where presence was predicted and there was not 
a corresponding observation in the historic record). The optimal fraction of models in 
agreement was selected by plotting the TPR and FPR for each agreement fraction on a 
Receiver Operator Characteristic (ROC) curve and finding the value that was closest to 
TPR=1 and FPR=0 (Fawcett 2006). This value was then used to predict presence for 
historical and forecast decadal periods under each RCP scenario. 
Climate velocity.—In R, we computed the climate velocity (Loarie et al. 2009) 
between the historical period beginning in 1950 and the forecast conditions for future 
decadal periods beginning in 2046 and 2096 under each forecast RCP scenario based on 
the decadal means of the four bioclimatic variables that contributed the most to all 
modeled predictions (Table 4.3). Following Hamann et al. (2015), we computed the 
shortest geographic distance between historic climate cells and matching future climate 
cells. This distance was divided by the number of elapsed decadal periods to calculate the 
climate velocity (km/decade) for the four most important bioclimatic variables. We used 
the geoDist function in the R geosphere package (Hijmans 2019) to convert the distance 
between cells from degrees to km. 
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Presence velocity.—The mean velocity of presence (km/decade) was calculated 
for the historical and forecast periods under each RCP scenario based on the outputs for 
decadal mean modeled probability of presence for all 22 models by applying the same 
method used for climate velocity. For comparison, mean velocities of presence were 
calculated for the historical period from 1950 – 2005, for the first half of the 21st century 
from 2006 – 2055 and for the second half of the 21st century from 2056 – 2099. Finally, 
mean velocities of presence were calculated for the entire time span from 1950 – 2099. 
Residence time.—Following methods proposed in Loarie et al. (2009), we used 
the area in km2 of selected federally protected lands within the species’ range to calculate 
the protected area diameter in km. Residence time in years was calculated by dividing the 
diameter of federal lands by the forecast presence velocities in km/decade and 
multiplying by 10. 
 
RESULTS 
 
Modeling Historical and Future Habitat Suitability 
Agreement among multimodel ensemble.—ROC curve analysis indicated that a 
threshold of 0.7 represented optimum ratio of TPR to FPR. Roughly translated, this 
equates to areas where at least 15 different climate models predicted a probability of 
presence above their respective thresholds (Figure 4. 1). 
Historical (1950 – 2005).—The threshold of 0.7 where roughly 15 models 
predicted presence was represented by a contour line which plotted overwhelmingly 
inside the most recent range polygon (Brown and Wethey in prep.) (Figure 4. 2). 
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Interestingly, this area experienced some contraction and expansion from decade to 
decade during the entire historical period. Some areas of exception where model 
agreement was above the threshold and plotted outside of the range polygon included 
coastal Louisiana and southern Florida. Approximately 30% of the climate models 
overpredicted the geographic range as was evident in areas where model agreement 
below a threshold of 0.4 plotted well outside of the current range (as far west as Texas 
and north to central Kentucky and West Virginia). 
RCP45 (2006 – 2099).—The contour line representing the 0.7 threshold of 
models in agreement begins to contract in future decades and indicates the species may 
be extirpated in Alabama by 2036 (Figure 4. 3). Continued contraction progresses and 
suggests major reduction in areas where populations are currently densest in northern 
Florida and southern Georgia by 2056. These latter populations may be extirpated by 
2076 as the last remaining refugia contract to coastal North Carolina by the final decadal 
period. Although the areas of predicted presence contract under forecast climate 
conditions, it is important to note that under the RCP45 scenario contour lines 
representing the 0.7 threshold of models in agreement form polygons that are relatively 
entire (i.e. not fragmented, multi-part polygons) with relatively smooth margins. 
RCP85 (2006 – 2099).—Similar to the RCP45 scenario, low-level (threshold < 
0.4) agreement occurs outside of the current range and appears to increase in breadth of 
coverage as time progresses (Figure 4. 4). By contrast under the RCP85 scenario 
however, the contour line representing the 0.7 threshold of models in agreement contracts 
more rapidly and shows noticeable divergence from the RCP45 scenario by 2036. 
Additionally, the margins of polygons formed by the contour line are irregular and 
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separated into multiple disjunct polygons. While predictions under the RCP85 scenario 
follow the same general pattern of contracting toward the northeastern corner of the 
current range, very few suitable refugia are evident by 2056. Subsequent decadal periods 
show no areas where model agreement was above the 0.7 threshold indicating multiple 
widespread local extirpations or possible extinction. 
Climate velocity.—For both RCP scenarios and both forecast decadal periods 
beginning in 2046 and 2096, pixel-wise maximum mean climate velocities of the four 
bioclimatic variables (Table 4.3) moved at rates ranging from 2.46 – 7.82 km/decade 
(Table 4.4). Velocities under the RCP85 scenario were generally faster across a broader 
geographic area (Figure 4. 5). For most bioclimatic variables, expanded areas of greater 
velocities under both RCP scenarios were evident for the 2096 decadal period. Standard 
deviation of pixel-wise mean climate velocities ranged from 28.5 – 106.01 (Table 4.4) 
with the greatest amount of variability associated with bioclimatic variables Bio15 and 
Bio18 which are defined as ‘precipitation seasonality’ and ‘precipitation of warmest 
quarter’ respectively (Table 4.3). 
Pixel-wise maximum mean distances that climatic conditions moved for each 
decadal period under both RCP scenarios ranged from 33.24 – 93.85 km. As with climate 
velocity, distance calculations were generally higher under the RCP85 scenario and for 
both RCP scenarios during the 2096 decadal period (Table 4.4). 
Presence velocity.—For the historic period (1950 – 2005), pixel-wise mean 
presence velocity was relatively low (2.11 km/decade) across the entire range of 
predictions (Table 4.5, Figure 4.6). Under the RCP45 scenario, velocities increased to a 
maximum mean of 7.04 km/decade across western portions of the observed species range 
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during the first half of the 21st century (2006 – 2055) and appeared to slow again during 
the latter half of the 21st century (2056 – 2099) (Table 4.5). By contrast however, 
velocities were much greater (> 20 km/decade) in western portions of the observed range 
under the RCP85 scenario during the first half of the 21st century, but velocities slowed 
considerably and were comparable to those under the RCP45 scenario during the latter 
half of the 21st century (Table 4.5, Figure 4.6). 
Pixel-wise maximum mean distances associated with presence predictions 
suggested populations might travel over 11 km during the historical period (1950 – 
2005). These distances reached their high points during the period from 2006-2055 at 
roughly 34.5 km under the RCP45 scenario and nearly double that at 100 km under the 
RCP85 scenario. As with presence velocity, distance measures under both RCP scenarios 
decreased to values similar to the historic period during the latter half of the 21st century 
(Table 4.5). Under both RCP scenarios the mid-century decrease in distance measures 
occurs primarily in the southern part (e.g. east-central Florida to southeastern Georgia) of 
the observed species range and only a few areas of elevated values remain in the extreme 
northeastern portion of the range (Figure 4. 7). Under both RCP scenarios during the 21st 
century, large standard deviation (ranging from 92 to >850) in mean distance and velocity 
suggest a lower fraction of models in agreement of presence predictions (Table 4.5). 
Considering the entire 150 yr period, pixel-wise maximum mean presence 
distances and velocities were over three times greater under the RCP85 scenario (337 
km) than under the RCP45 scenario (97.5 km) (Table 4.6). Under both RCP scenarios 
regions of the observed species range that were predicted to experience the highest 
velocities and distances were occurred primarily along the Atlantic coastal plain from 
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east-central Florida to southeastern North Carolina (Figure 4. 8). Standard deviation of 
mean distance ranged as high as 890, but did not exceed 60 among velocity measures 
(Table 4.6). 
Residence time.—Under the RCP45 scenario, two federally protected lands (in 
Florida – Osceola National Forest and Saint Marks National Wildlife Refuge) were 
predicted to experience local extirpations by the end of the 21st century as the residence 
times were less than the 93-year period from 2006 – 2099 (Table 4.7, Figure 4.9). Only 
one additional property (in North Carolina – Alligator River National Wildlife Refuge) 
was expected to experience local extirpation by the end of the 21st century under the 
RCP85 scenario. However, under the more extreme emissions scenario local extirpations 
were likely precede the mid-21st century on four federally protected lands (in Georgia – 
Okefenokee National Wildlife Refuge and in Florida – Ocala Nation Forest, Osceola 
National Forest, and Saint Marks National Wildlife Refuge) where residence times were 
less than the 49-year period between 2006 – 2055. 
Among the relatively smaller NOAA National Estuarine Research Reserves 
(NERR), two (in South Carolina – North Inlet Winyah Bay NERR and in Florida - Guana 
Tolomato Matanzas NERR) parcels were likely to experience local extirpation by the 
mid-21st century under the RCP45 scenario (Table 4.7, Figure 4.9). Under the RCP85 
scenario, all four NERR properties that were considered were likely to experience local 
extirpation by the end of the 21st century. 
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DISCUSSION 
 
As conservation and land management agencies work to mitigate the effects of 
anthropogenic impacts on natural environments through the addition of protected areas, 
buffer zones and habitat corridors, changing climate conditions continue to accelerate. At 
a landscape scale, these accelerated changes tend to be more rapid across areas dominated 
by relatively little topographic relief (Burrows et al. 2011, 2014, Hamann et al. 2015, 
Loarie et al. 2009). Due to a predominantly flat terrain, floristic assemblages throughout 
the Southeastern United States Coastal Plain may be particularly susceptible to changing 
climate conditions (Loarie et al. 2009). While regional landscape conservation efforts 
have placed increasing importance on building or preserving habitat corridors and 
connectivity, forecast changes in climate conditions may ultimately outpace the ability of 
species to migrate to new sites where growing conditions are suitable, and thereby 
precipitate changes in plant community composition accompanied by the increased 
potential for widespread extirpation of some species by the mid-21st century. 
To examine these issues, we compiled a chronological sequence of climate-
informed SDMs to calculate the predicted presence (Figures 4.2 – 4.4) of a tree species 
endemic to the Southeastern United States Coastal Plain. We considered variation in 
climate forecasts by employing a multimodel ensemble of 22 (Table 4.1) climate models 
under two emissions scenarios (RCP45 and RCP85) for 15 decadal periods from 1950 – 
2099 and then calculated the fraction of SDMs that agreed on predicted presence for the 
model species throughout its observed range. The four bioclimatic variables (Table 4.3) 
that contributed most to modeled predictions were then used to calculate climate 
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velocities (Table 4.4, Figure 4.5), and presence velocities (Tables 4.5 – 4.6, Figures 4.6 – 
4.8) were calculated from the mean model presence predictions from SDM outputs. 
Considering these results in the context of habitat conservation, we calculated residence 
times for a select group of federally protected lands known to support the model species 
or relevant habitats (Table 4.7, Figure 4.9). 
Our investigation reveals two critical issues that may influence strategic planning 
for conservation and land management agencies. 
1) As the velocity of forecast climate and thus the movement of suitable growing 
conditions accelerates, predicted species presence velocities increase accordingly 
in association with the movement of suitable niche space. However, the 
movement of suitable niche space may drastically outpace a species dispersal 
ability. 
2) Residence times of suitable climate on protected lands may be less than the 
time required to initiate preservation efforts resulting in widespread population 
extirpation events and potentially lead to extinction. 
As our model system, we used the wind-dispersed tree species Gordonia 
lasianthus which is endemic to the Southeastern United States Coastal Plain. Associated 
with palustrine habitats commonly found throughout Longleaf Pine ecosystems which 
dominate much of the focus area, the dispersal potential of G. lasianthus (30 m/decade) 
(Brown and Wethey in prep.) may be used as a surrogate for similar species such as Pond 
Pine (Pinus serotina). Historical challenges to the preservation of these environs have 
involved logging of old-growth stands and fire suppression. However, forecast climate 
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scenarios suggest that conservation and land management agencies may face a new suite 
of challenges over the next century. 
Of the four most important bioclimatic variables, the slowest climate velocity of 
2.46 km/decade was associated with Precipitation of Warmest Quarter (Bio18) under the 
RCP45 scenario (Tables 4.3 & 4.4). This value is nearly 100 times greater than the 
migration rate (30 m/decade) of the G. lasianthus (Brown and Wethey in prep.) which 
suggests that the greater velocities calculated for the remaining bioclimatic variables and 
under higher emissions scenarios will outpace the species ability to disperse into habitats 
with suitable growing conditions in the future. 
We calculated ‘presence velocities’ from decadal maps of predicted population 
distributions under climate change scenarios. These values represent the velocities of 
movement of isopleths of the per pixel probability of occurrence of the species, 
analogous to climate velocity (Burrows et al. 2011, Hamann et al. 2015, Loarie et al. 
2009). Presence velocities (Table 4.5) indicated that the effects of rapidly changing 
climate conditions were likely to have the greatest impact on the predicted presence of G. 
lasianthus during the first half of the 21st century. Interestingly, during the latter half of 
the 21st century (2056 – 2099) presence velocities appear to slow to rates comparable to 
those calculated for the historic period (1950 – 2005). Based on the modeled presence 
predictions in SDMs (Figures 4.2 – 4.4), we interpret this ‘slow-down’ as an artifact of 
widespread extirpation or possible extinction by the middle of the 21st century. 
Initial conditions for SDMs considered the historical climate for the first decadal 
period (1950 – 1959) and the entirety of occurrence observations from several data 
sources (Forest Inventory and Analysis Database 2015, GBIF.org 2018, SERNEC Data 
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Portal 2017). Consistent with the findings of Thuiller et al. (2014), our model produced 
estimates of the probability of occurrence that closely matched the distribution of 
observed occurrences. Therefore, we assumed that predicted probability of presence was 
a reliable measure of species distribution in subsequent decadal periods. This approach 
raises questions regarding the ability to detect range edge movements with alternative 
methods that focus on the movement of mean centers of distribution and associated 
standard deviation (Iverson et al. 2019) under forecast climate scenarios. 
The presence velocities (Table 4.5) outpace the dispersal potential of G. 
lasianthus indicating that extant populations of the species will be left behind by a rapidly 
changing climate. This comparison between presence velocity and dispersal potential 
explicitly addresses concerns in the literature about dispersal rate constraints on the 
abilities of SDMs to predict species range boundaries (Soberón 2007, Thuiller et al. 
2014). When presence velocity exceeds dispersal rate, population decline is more likely 
than population migration, and local extinction is likely to dominate the future landscape 
as permissive climates move away from current population centers. 
Residence time is a measure of the potential future efficacy of nature preserves, 
being a measure of the length of time the current climatic conditions will remain there 
(Loarie et al. 2009). We considered this idea in the context of species presence velocity 
which estimates the length of time a species will remain in nature preserves, since climate 
velocities do not map exactly to predicted species presence velocity (Table 4.7, Fig. 9). 
Calculated residence times for G. lasianthus on relevant protected federal lands (Table 
4.7, Figure 4.9) indicated that some sites may experience population extirpation as early 
as the mid-21st century. However, since residence times varied under different emissions 
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scenarios, the timing of predicted extirpation may have extended beyond the year 2099 
under the RCP45 scenario (e.g. Ocala NF and Okefenokee NWR, Table 4.7, Figure 4.9). 
While protected federal lands with a larger area were less likely to experience extirpation, 
the effects of accelerated climate velocities on predicted presence reduced residence 
times and in some cases still indicated potential extirpation (e.g. Ocala NF and 
Okefenokee NWR, Table 4.7, Figure 4.9). Some of the smallest protected areas were 
predicted to experience population extirpation regardless of the emissions scenario (e.g. 
Guana Tolomato Matanzas NERR, Saint Marks NWR, North Inlet-Winyah Bay NERR, 
Table 4.7, Figure 4.9). 
These results highlight the problem of accommodating future climate change in 
decisions to protect habitats. Since most protected lands managed by state and non-
government (NGO) agencies are much smaller than federally protected lands, residence 
times on these properties may be accordingly lower and therefore face a more immediate 
risk of population extirpation. However, a caveat to these predicted measurements is that 
federal, state, and NGO agencies frequently work in partnership to acquire or annex 
adjacent lands which effectively serves to increase the overall contiguous area of 
protected space. This consideration may place increasing importance on the value of 
establishing habitat corridors as a means of mitigating reduced residence times on small, 
disjunct protected areas. 
Additional caveats include species specific phenological plasticity and climate 
refugia. While the timing of dispersal events in the model species G. lasianthus, has been 
fairly well documented (Brown and Wethey 2019, Gresham and Lipscomb 1985, 1990), 
delayed phenology relating to the opening of flowers (i.e. anthesis) has been observed 
 79 
 
when weather conditions are less than optimal (Brown pers. obs.). It is uncertain if such a 
delay in anthesis initiates a cascade effect resulting in delayed pollination, fruit 
maturation, and release of seeds. However, such phenological plasticity might suggest 
some flexibility in defining the climate envelop which helps delimit the geographic space 
used for SDMs. Arboreta may serve as experimental titrations of the model species 
against bioclimatic variables and should be considered valid examples when defining the 
climate tolerance of a species but only if the species is growing outdoors without 
supplemental watering (Table 4.2). 
Further, climate refugia may also be essentially invisible to SDMs where the 
resolution of data is too large to reflect the presence of important microclimates. Such 
areas may also be difficult to detect when calculating climate and presence velocities on 
account of data resolution. The presence of Pleistocene relict communities in parts of 
Florida (James 1961), South Carolina (Hill 1999, Radford 1959) and other southeastern 
states are prime examples that rapidly changing climate conditions may not always result 
in total extinction. However, these sites may be relatively small in size and limited to 
specific physical features such as steep north-facing slopes which are less likely to be 
encountered in the Southeastern United States Coastal Plain. 
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Table 4.1 Climate models used for construction of bioclimatic variables. 
 
Model Modeling Group 
ACCESS1.0 Commonwealth Scientific and Industrial Research Organization 
(CSIRO) and Bureau of Meteorology(BOM), Australia 
BCC_CSM1.1(m) Beijing Climate Center 
CanESM2 Canadian Centre for Climate Modelling and Analysis 
CCSM4 National Center for Atmospheric Research 
CESM1(BGC) National Center for Atmospheric Research 
CESM1(CAM5) National Center for Atmospheric Research 
CMCC-CM Centro Euro-Mediterraneo sui Cambiamenti Climatici Climate 
Model 
CNRM-CM5 Centre National de Recherches Météorologiques/ Centre Européen 
de Recherche et Formation Avancée en Calcul Scientifique 
CSIROMk3.6.0 Commonwealth Scientific and Industrial Research Organization in 
collaboration with Queensland Climate Change Centre of 
Excellence 
FGOALS-g2 LASG, Institute of Atmospheric Physics,Chinese Academy of 
Sciences and CESS,Tsinghua University 
FIO-ESM The First Institute of Oceanography, SOA, China 
GFDL-CM3 NOAA Geophysical Fluid Dynamics Laboratory 
GFDL-ESM2G NOAA Geophysical Fluid Dynamics Laboratory 
GISS-E2-R NASA Goddard Institute for Space Studies 
HadGEM2-AO National Institute of Meteorological Research/Korea 
Meteorological Administration 
INM-CM4 Russian Institute for Numerical Mathematics 
IPSL-CM5A-MR Institut Pierre-Simon Laplace 
MIROC5 Atmosphere and Ocean Research Institute (The University of 
Tokyo), National Institute for Environmental Studies, and Japan 
Agency for Marine-Earth Science and Technology 
MIROC-ESM-
CHEM 
Japan Agency for Marine-Earth Science and Technology, 
Atmosphere and Ocean Research Institute (The University of 
Tokyo), and National Institute for Environmental Studies 
MPI-ESM-MR Max-Planck-Institut für Meteorologie (Max Planck Institute for 
Meteorology) 
MRI-CGCM3 Meteorological Research Institute, Tsukuba, Japan 
NorESM1-M Norwegian Climate Center 
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Table 4.2 Documented locations of cultivated specimens of G. lasianthus outside of its 
natural range. 
 
Institution Locality State Lat/Lon 
Growing 
Conditions / 
Stauts 
Crosby Arboretum Picayune MS 30.5, -89.67 No info/No info 
Stephen F. Austin State 
University 
Nacogdoches TX 31.62, -94.64 Outside/Living 
Donald E. Davis 
Arboretum 
Auburn AL 32.6, -85.48 Outside/Living 
University of Alabama 
Arboretum 
Tuscaloosa AL 33.19, -87.48 Outside/Living 
Thompson Mills Forest 
& Arboretum 
Braselton GA 34.13, -83.8 Outside/Living 
JC Raulston Arboretum Raleigh NC 35.79, -78.7 Outside/Living 
Norfolk Botanical 
Garden 
Norfolk VA 36.91, -76.2 Outside/Living 
United States Botanical 
Garden 
Washington DC 38.89, -77.01 Inside/Living 
Mt. Cuba Center Hockessin DE 39.79, -75.65 No info/No info 
Polly Hill Aboretum West Tisbury MA 41.4, -70.68 Inside/Living 
Pine Hollow Arboretum Slingerlands NY 42.63, -73.86 Outside/Dead 
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Table 4.3 Bioclimatic variables with greatest contribution to modeled predictions. 
 
Bioclimatic variable name Value/definition 
Bio8 Mean Temperature of Wettest Quarter 
Bio11 Mean Temperature of Coldest Quarter 
Bio15 Precipitation Seasonality (Coefficient of Variation) 
Bio18 Precipitation of Warmest Quarter 
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Table 4.4 Pixel-wise minimum and maximum means and standard deviations of climate distances and velocities for all four 
bioclimatic variables under both RCP scenarios for the forecast decadal periods beginning in 2046 and 2096. Distance values are in 
km, speeds are in km/decade. 
    
RCP45 RCP85 
distance/speed decade biovar minMean maxMean minSD maxSD minMean maxMean minSD maxSD 
distance 2046 8 0.00 60.68 0.00 915.49 0.00 82.15 0.00 832.67 
distance 2046 11 0.00 46.19 0.00 408.39 0.00 48.28 0.00 398.73 
distance 2046 15 0.00 71.12 0.00 1055.71 0.00 57.44 0.00 1040.08 
distance 2046 18 0.00 33.24 0.00 971.21 0.00 49.57 0.00 1113.27 
distance 2096 8 0.00 67.49 0.00 844.70 0.00 93.85 0.00 814.59 
distance 2096 11 0.00 49.09 0.00 428.26 0.00 66.69 0.00 509.13 
distance 2096 15 0.00 61.92 0.00 1397.61 0.00 73.16 0.00 1251.81 
distance 2096 18 0.00 36.74 0.00 1002.48 0.00 73.68 0.00 1174.67 
speed 2046 8 0.00 5.78 0.00 87.14 0.00 7.82 0.00 79.20 
speed 2046 11 0.00 4.40 0.00 38.70 0.00 4.59 0.00 37.95 
speed 2046 15 0.00 6.78 0.00 100.49 0.00 5.47 0.00 99.07 
speed 2046 18 0.00 3.17 0.00 92.40 0.00 4.72 0.00 106.01 
speed 2096 8 0.00 4.53 0.00 56.79 0.00 6.30 0.00 54.67 
speed 2096 11 0.00 3.30 0.00 28.50 0.00 4.47 0.00 34.31 
speed 2096 15 0.00 4.16 0.00 93.80 0.00 4.91 0.00 83.96 
speed 2096 18 0.00 2.46 0.00 67.18 0.00 4.94 0.00 78.94 
 
 
  
 
8
5
 
Table 4.5 Pixel-wise minimum and maximum means and standard deviations of presence distances and velocities for three 50 yr 
periods under both RCP scenarios. Distance values are in km, speeds are in km/decade. *1950 – 2005 are historical runs, the end point 
of this period serves as initial conditions for the RCP scenarios. 
   
RCP45 RCP85 
distance/speed decade minMean maxMean minSD maxSD minMean maxMean minSD maxSD 
distance 1950* 0.00 11.62 0.00 503.77 0.00 11.62 0.00 503.77 
distance 2006 0.00 34.48 0.00 828.48 0.00 100.06 0.00 854.70 
distance 2056 0.00 9.80 0.00 458.46 0.00 10.15 0.00 431.63 
speed 1950* 0.00 2.11 0.00 91.66 0.00 2.11 0.00 91.66 
speed 2006 0.00 7.04 0.00 169.11 0.00 20.42 0.00 174.39 
speed 2056 0.00 2.27 0.00 106.56 0.00 2.36 0.00 100.33 
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Table 4.6 Pixel-wise minimum and maximum means and standard deviations of presence distances and velocities for the entire 150 yr 
period under both RCP scenarios. Distance values are in km, speeds are in km/decade. 
  
RCP45 RCP85 
distance/speed minMean maxMean minSD maxSD minMean maxMean minSD maxSD 
distance 0.00 97.59 0.00 831.45 0.00 336.78 0.00 890.86 
speed 0.00 6.56 0.00 55.78 0.00 22.56 0.00 59.81 
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Table 4.7 Residence time on select federally protected lands. *Local extirpation expected by the end of the 21st century since residence 
time is less than the 93 yr period between 2006 – 2099. †Local extirpation expected by mid-century since residence time is less than 
the 49 yr period between 2006 – 2055. 
     
Residence time in yr 
Federal Lands Managing Agency State where located Area in km2 RCP45 RCP85 
Apalachicola NF Forest Service Florida 2422 278 139 
Eglin Air Force Base Department of Defense Florida 1806 240 120 
Ocala NF Forest Service Florida 1650 115 38† 
Francis Marion NF Forest Service South Carolina 1639 228 114 
Okefenokee NWR Fish & Wildlife Service Georgia 1630 114 38† 
Fort Stewart Department of Defense Georgia 1132 190 95 
Croatan NF Forest Service North Carolina 1075 185 185 
Apalachicola NERR NOAA Florida 950 174 87* 
Osceola NF Forest Service Florida 876 83* 28† 
Savannah River Site Department of Energy South Carolina 803 320 160 
Alligator River NWR Fish & Wildlife Service North Carolina 613 279 70* 
Camp Lejeune Department of Defense North Carolina 500 126 126 
ACE Basin NERR NOAA South Carolina 402 113 57* 
Guana Tolomato 
Matanzas NERR NOAA Florida 297 49† 16† 
Saint Marks NWR Fish & Wildlife Service Florida 158 71* 36† 
North Inlet-Winyah 
Bay NERR NOAA South Carolina 77 49† 25† 
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Figure 4.1 ROC curve used for selecting optimum threshold among multimodel 
ensemble. The optimum threshold of 0.7 (red) is orthogonally furthest from the diagonal 
representing TPR=FPR. 
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Figure 4.2 Agreement among 22 models showing predicted presence of Gordonia lasianthus for the historical period 1950 – 2005. 
Bold outline is the current range polygon. Thin outline represents model agreement above a 0.7 threshold. 
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Figure 4.3 Forecast areas of predicted presence above the 0.7 threshold of model agreement under the RCP45 scenario. Predicted 
presence polygon contracts from southern portions of the range and splits into separate areas of refugia. 
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Figure 4.4 Fraction of models in agreement under the RCP85 scenario, the effects of accelerated climate change show areas of 
agreement among models above the 0.7 threshold. Note the RCP85 prediction for 2036 is similar to the RCP45 prediction for 2046. 
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Figure 4.5 Mean velocities of bioclimatic variable Bio8 for both RCP scenarios and both 
decadal periods. Note the expanded regions of higher velocities throughout the range of 
Gordonia lasianthus especially in Florida. 
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Figure 4.6 Pixel-wise mean presence velocities for three 50 yr periods under both RCP scenarios. Years 1950 – 2005 are historical. 
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Figure 4.7 Mean presence distances calculated under RCP85 for the first and last halves 
of the 21st century. Note distance measures appear much lower during the latter part of 
the century possibly due to extirpation across much of the species’ range during the 
preceding 50 year period. 
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Figure 4.8 Pixel-wise mean distances and velocities for the entire 150 yr period under 
both emissions scenarios. Areas of darkest shading represent values > 1.1. 
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Figure 4.9 Residence times for selected federal lands presented in descending km2 from 
left to right. Sites where times are below the solid horizontal line could expect to see 
local extirpation before the end of the 21st century. Sites where times are below the dotted 
line might experience extirpation by the year 2055. 
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CHAPTER 5
THE FUTURE OF THE SOUTHEASTERN UNITED STATES COASTAL PLAIN 
 
The preceding chapters present a potentially alarming scenario involving complex 
challenges to landscape conservation. Forecast climate models, while diverse in many 
aspects, overwhelming tell the same tale of increased average temperatures and shifting 
periods of sufficient rainfall. Undoubtedly, the focal region has seen more extreme 
climate patterns impact floristic communities in ages past, and that in part has given rise 
to the rich diversity that we see today. While management of the status quo seems a near 
impossibility, it seems less useful now to consider restoration of habitats and plant 
communities to those consistent with at time predating the arrival of humans such as the 
Pleistocene. The models presented herein may be useful if applied to community 
associates of the focal species Gordonia lasianthus, and thereby enable a reasonable 
prediction of the future floristic composition of the Southeastern United States Coastal 
Plain. 
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